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Abstract
This thesis is devoted to the study of spin dependent transport between CoFeB electrodes
through an MgO barrier in ordered and disordered multilayer systems. The local electri-
cal integrity of the MgO barrier was studied using Ru and CoFeB bottom electrodes by a
modified conducting atomic force microscopy. The quality of the MgO barrier was charac-
terized by measuring the hotspot density and using a statistical model proposed by F. Bardou
for different thicknesses of MgO. This model studied the variations in tunneling transmis-
sion due to inhomogeneity of the barrier. The results show a decrease of the density of
the hotspots with the thickness of MgO barrier and that a perfectly insulating barrier is ob-
tained at 1 nm thickness. For the study of the disordered systems, discontinuous multilayers
of CoFeB/MgO were prepared by sequential sputtering of CoFeB and MgO from the indi-
vidual targets. The granular tunneling magnetoresistance (g-TMR) and transport properties
were studied between 1.25 K and 330 K. The transport of charge between CoFeB in this sys-
tem was dominated by hopping processes which obeyed different tunneling laws in different
temperature regions. The enhanced g-TMR value observed at low temperature was attributed
to higher order tunneling. The study also focused on the variations in g-TMR, electrical re-
sistivity and microstructures by post deposition annealing. The magnetic properties of this
system were also investigated between 5 K and 350 K. A superparamagnetic transition was
found with a blocking temperature of 130 K.
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Chapter 1
Introduction
Spintronics is the study of phenomena related to the spin of electrons and of devices that take
advantage of the spin of the electron along with its charge. In conventional electronic de-
vices the spin of the electron has been ignored and these devices relied only on the transport
of electrical charge carriers. Spintronics is a newly emerging technology in which the spin
of electrons along with their charge is manipulated to fabricate novel devices like magnetic
sensors, MRAM and read heads for the hard disk. In these devices spin dependent effects
arise by the interaction of the spin of electrons with the magnetic moments of the materials.
Nonvolatile nature, increased data processing speed, decreased electric power consumption
and increased integration densities are the advantages of spintronics devices over the con-
ventional semi-conductor devices. These advantages make the spintronics devices attractive
for high density memory storage devices and magnetic sensors applications.
Several experimental groups at different universities and in electronic industry are in-
volved in the study of new spintronics materials and geometry for the application purposes.
A number of examples for the application of these devices can be quoted here. One of them
are hard disks, where the magnetoresistive read heads convert information stored in high
density recording media by a small magnetic stray field into electrical signal with a high
spatial resolution [1, 2, 3]. Another example is the combination of tunnel magnetoresistance
elements in read heads with perpendicular recording which steeply increases the storage
density [4]. Magnetic random access memory (MRAM), magnetic field sensors, lab-on-chip
and reconfigurable magnetic logic are a few examples among a number of novel spintronics
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devices.
In 1988, the group of Peter Grünberg and Albert Fert discovered the Giant Magnetoresis-
tance effect in Fe/Cr trilayers and multilayers by resistivity measurement [5, 6]. The GMR
effect is due to the spin dependent scattering of conduction electrons in the vicinity of the
interface of magnetic and nonmagnetic spacer layers. Due to the large magnetoresistance
value compared to the usual anisotropic magnetoresistance (AMR) this effect is refered as
giant magnetoresistance. The discovery of the GMR effect was a great breakthrough in the
field of spin dependent transport and thin film magnetism. Because of their large effect and
sensitivity to a small magnetic field, GMR based sensors have replaced the AMR based read
heads in hard drives and also found their applications in cars for monitoring of rotation of
wheels, current monitors and velocity and acceleration measuring sensors [7, 8, 9]. Peter
Grünberg and Albert Fert both were awarded the Nobel Prize of 2007 in Physics for their
discovery.
In 1992, two groups in USA also observed the GMR effect in granular systems of ul-
trafine ferromagnetic particles dispersed in non-magnetic matrix [10, 11]. The individual
particles in the granular systems are either not free but are coupled with each other or have a
large anisotropy so they are magnetically hard. Due to this magnetic hardness, a large mag-
netic field is required to achieve the saturation magnetization of these particles. This feature
makes the technical applications of granular systems limited.
Julliere had already discovered tunneling magnetoresistance (TMR) effect in tunnel junc-
tions in which two ferromagnetic layers were separated by a thin insulating layer [12]. The
TMR effect was due to the spin dependent tunneling of electrons from one ferromagnetic
layer to an other through an insulating barrier. This effect has been extensively studied in
Al2O3 based MTJs since the discovery of room temperature TMR effect [13, 14]. In these
MTJs a TMR ratio up to 70% has been experimentally achieved at room temperature [15].
Like the GMR effect, the TMR effect is also observed in granular systems (disordered
system) of magnetic particles (Co, Fe, Ni) embedded in insulating matrices (Al2O3, SiO2 and
MgO). The applications of granular films include high coercive films for information storage,
high permeability and high resistivity films for shielding and bit writing at high frequencies
[16, 17, 18].
3The biggest breakthrough during the last five years was the discovery that the spin po-
larization of the tunnel current depends not only on the electronic properties of the magnetic
layers but is also influenced by the choice of the material of barrier layer [19, 20]. By
changing the barrier material from a thin amorphous layer of aluminum oxide (Al2O3) to a
crystalline layer of magnesium oxide (MgO), the degree of spin polarization of the current
increases from 50% to 90% for the same magnetic electrode material (CoFe). Therefore,
the TMR value correspondingly increases from 70% to 500% at room temperature [1, 21].
In recent years, therefore, Al2O3 barrier has been replaced by MgO because of the fol-
lowing reasons:
1) Al2O3 based MTJs have not been free from unwanted factors like electrode barrier
interface roughness, incomplete or excessive oxidation of Al which result in remaining Al or
oxidation of the underlying ferromagnetic electrode [22, 23]. These factors reduce the TMR
ratio. On the other hand, such problems are not faced in the case of MgO because of e.g.,
direct sputtering of MgO from a target.
2) MgO based tunnel junctions are more reliable than Al2O3 based tunnel junction be-
cause the MgO tunnel barriers are more hydrogen tolerant than Al2O3 tunnel barriers. Fur-
thermore, MgO tunnel barriers have ten years longer life time than Al2O3 tunnel barriers
[24].
3) The ultrahigh TMR value in MgO based MTJs is due to coherent tunneling of electrons
through the MgO barrier. However, the tunneling of electrons through Al2O3 barrier is not
(completely) coherent.
The high TMR value in MgO based MTJs encouraged the industry to replace spin valve
field sensing devices by MTJs devices. The Al2O3 barrier should be only nonconductive
and free from pinholes for the realization of high TMR value. However, the MgO barrier
needs to be crystallized in a certain crystal orientation. This is required for occurrence of
coherent tunneling processes necessary for an ultrahigh TMR value. This crystal orientation
is obtained by tight control of deposition conditions and annealing parameters. Therefore,
the study of MgO barrier in tunneling processes is an important area of research in these
days.
The study of spin dependent transport through MgO barrier in continuous and discontin-
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uous CoFeB/MgO heterogenuous structures is the main goal of this thesis. For this purpose
a continuous layers structure of CoFeB/MgO has been prepared and studied by conducting
atomic force microscopy and the results have been compared to the properties of magnetic
tunnel junctions. For discontinuous CoFeB/MgO heteroguous structures a granular system
of CoFeB/MgO has been studied. The transport through MgO was studied under different
annealing conditions and at different temperatures.
This thesis is organised as follow: The second chapter includes the basics of ferromag-
netism and spin dependent transport phenomenon. The tunneling of electrons is discussed
in ordered system of magnetic/non-magnetic metallic multilayers and disordered system of
discontinuous multilayers. The role of the barrier in coherent tunneling is also included in
this chapter. In the third chapter a short introduction of experimental methods and techniques
used in this thesis are given. This includes the fabrication of samples and characterization
tools. In order to address certain physical questions prevailed at the beginning of this in-
vestigation the structure of MgO barriers is studied by conducting atomic force microscopy
(CAFM) in the forth chapter. Initially, Ru under the barrier is used to investigate the electrical
integrity of the MgO tunnel barrier. For the comparison of results with ordered systems like
magnetic tunnel junctions, half finished magnetic tunnel junctions with different thicknesses
of the MgO barrier are also investigated. The fifth chapter is meant for the study of disor-
dered system. To study the role of CoFeB and MgO barrier in disordered system, a granular
system of CoFeB/MgO has been prepared and investigated. Different thicknesses of MgO
and CoFeB were investigated to optimize the spin dependent transport in this system. Spin
dependent transport in connection with the tunneling laws have also been included. The role
of the barrier in connection with crystallization is a part of this chapter.
Chapter 2
Theoretical Background
In this chapter different theories related with this work will be discussed which will be help-
ful to understand the work done in this thesis. It will start with a small introduction of
ferromagnetism and spin dependent transport phenomena in magnetic materials. A detail
of the spin dependent transport in heterogenuous systems in special references with ordered
and disordered system will be discussed.
2.1 Ferromagnetism
Magnetic materials exhibit a bulk magnetization due to the interaction of magnetic moments
among individual atoms and/or ions. This interaction tends to align or anti-align the magnetic
moments of the atoms. If the magnetic moments are aligned with each other the material
is called ferromagnetic material. Thermal excitations try to randomize the alignment of
the magnetic moments. The temperature at which these thermal excitations overcome the
alignment of the magnetic moments is called Curie temperature Tc.
The origins of the magnetic moment of an atom are the orbital and spin magnetic mo-
ments of its electrons; the magnitude of the magnetic moment depends on the number and
elecrtonic states of electrons in the atom. All free atoms have net magnetic moments if their
sub shells are not fully occupied. However, ferromagnetism is found rarely in nature because
most of the atoms lose their net magnetic moments when integrated into a solid [25]. In a
solid, electrons are delocalized because of the overlapping of their wave functions with the
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neighboring atoms. This is one of the main reasons for the loss of magnetization in a solid.
However, according to Heisenberg’s model, the wave function of electrons in neighboring
atoms should only slightly overlap each other for ferromagnetism to exist [26]. Furthermore,
the symmetry of the potential acting on an electron due to the neighboring atoms in a solid is
lower than that in an atom. The reduction in potential symmetry of electrons is another rea-
son of the loss of magnetization in solids. Other than that the coupling between the magnetic
moments of individual atoms is also very important for the magnetization. This coupling
depends on the type of bonds and atomic distances [27].
Ferromagnetism exists only for the middle part of the 3d-elements (e.g., Co, Fe, and Ni)
and for Gd and Dy. The electronic band structure for these elements is complicated. In
these ferromagnets the electrons with different spins populate the band structure differently
due to the exchange splitting. Fig. 2.1 shows the schematic representation of the band
structure of a normal metal and a ferromagnetic metal. In the normal metals both bands
have equal numbers of spin up and spin down electrons. In ferromagnetic metals, however,
the two separate bands are shifted in the energy with respect to each other. This shift is
called exchange energy and gives rise to unequal filling of bands and acts as a source of net
magnetic moment.
The magnetization and spin polarization of a ferromagnetic material can be found from
its band structure because both are determined by the density of spin up and spin down
electrons and given by the following relations
M ∝ (N↑ −N↓) (2.1.1)
M ∝ (N↑ −N↓)
(N↑ +N↓)
(2.1.2)
Where N↑ and N↓ are the densities of electrons with spin up and down, respectively. The
magnetization, structure, spin polarization and Curie temperature of ferromagnetic elements
are given in the table
Element Structure Tc(K) Ms(emu/cc) Spin Polarization(%)
Fe bcc 1044 1719 44
Co hcp 1388 1400 45
Ni fcc 628 509 33
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Fig. 2.1: A schematic representation of the band structure of a normal metal and a ferromagnetic
metal. In ferromagnetic metal the minority spin band is shifted upwards by the exchange
energy. [28].
2.2 Spin Dependent Transport
Electrons are spin-1/2 fermions and therefore they constitute a two states system with spin up
and spin down. A transport phenomenon which manipulates or uses the spin of the electron
is a spin dependent transport phenomenon. The spin dependent transport can occur only in
those materials for which there is an unequal population of spin at the Fermi level [28]. We
know that the ferromagnetic materials have two separate bands for spin up and spin down
electrons in the DOS at the Fermi level. These bands are shifted in the energy with respect
to each other as shown in Fig. 2.1. This shift gives rise to unequal filling of the bands
and causes a net spin polarization. Therefore, ferromagnetic materials show spin dependent
transport.
The change in the electrical resistance of a normal or magnetic metal by an applied exter-
nal magnetic field was first observed by William Thomson in 1856-57 [29]. This change is
referred to as magnetoresistance. The magnetoresistance is said to be positive if it increases
or negative if it decreases with the external magnetic field. The reason of the magnetore-
sistance in normal metals is the Lorentz force which the magnetic field exerts on moving
electrons. The value of this magnetoresistance is relatively small and referred to as ordinary
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magnetoresistance (OMR). However, a large value of magnetoresistance is obtained in ferro-
magnetic materials due to the spin polarization of the electrons in the presence of an external
magnetic field.
Since long the spin of electron has not been intensively investigated by the experimen-
talist and researchers in the transport phenomena. In 1971, Tedrow and Meservey conducted
series of tunneling experiments using a Al2O3 barrier between a very thin superconducting
and ferromagnetic films in a high magnetic field and showed that tunneling is spin dependent
[30, 31]. The spin dependent splitting of the quasi particle density of states in a supercon-
ductor by the application of magnetic field has been used to analyze the spin polarization of
the tunneling current for ferromagnetic films [32, 33].
Three different types of magnetoresistance have been observed in magnetic materials:
AMR (Anisotropic Magnetoresistance), GMR (Giant Magnetoresistance) and TMR (Tun-
neling Magnetoresistance).
2.3 Spin Dependent Transport in Bulk Materials
A sizable MR was observed in bulk ferromagnetic metals (Co, Fe, Ni) and alloys (permal-
loys) at room temperature in 1970s. The MR depends on the direction of the spontaneous
magnetization and is due to the change of magnetization under the external field. This mag-
netoresistance is referred to as Anisotropic Magnetoresistance (AMR) [34]. The resistivity
is maximum when the current is parallel to the magnetization direction, ρ||, and it is mini-
mum when the current is perpendicular to the magnetization direction, ρ⊥,. This is due to the
scattering produced by the spin-orbit interaction. The electrons which travel parallel to the
magnetization scatter stronger than those which travel perpendicular to the magnetization.
The definition of AMR is given by:
AMR(%) =
ρ|| − ρ⊥
ρ⊥
× 100 (2.3.1)
Although the relative change in the resistivity due to AMR is small, i.e., only 2% - 4%
in permalloys, it has very important technical applications in the field of magnetic sensors
[34]. These are used as speed/position sensors and read head sensors for magnetic storage
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devices.
2.4 Spin Dependent Transport in Ordered Systems
A highly sensitive read head with a large MR ratio is required for ultrahigh density recording
media. Therefore, a large MR effect at room temperature is highly desirable for technical
applications. Two kinds of magnetoresistance effects have been observed in ordered multi-
layers systems. These are the Giant Magnetoresistance (GMR) and the Tunneling Magne-
toresistance (TMR) which are explained in the following paragraphs.
2.4.1 Giant Magnetoresistance
A huge magnetoresistance in Fe/Cr multilayers system was found by Biabich et.al., (group
of A. Fert) and Binasch et.al., (group of P. Grünberg) in 1988 [6, 5]. The value of this mag-
netoresistance is 50% at room temperature. However, a much larger value up to 220% at
1.5 K has been observed in this system [35]. Due to its large value, it is referred to as Giant
Magnetoresistance (GMR). Such a large value cannot be expected from the normal magne-
toresistance caused by Lorentz forces or from the anisotropic magnetoresistance caused by
the spin orbit interaction. Fe/Cr multilayer systems exhibit an antiferromagnetic coupling be-
tween two ferromagnetic Fe-layers through a nonmagnetic chromium interlayer. Therefore,
at zero magnetic field the Fe layers are aligned antiparallel to each other and the resistance
is very high. When a magnetic field is applied, the alignment of the Fe layers changes from
antiparallel to parallel and the resistance drops significantly. The GMR amplitude is defined
by:
GMR(%) =
RAP −RP
RP
× 100 (2.4.1)
Where RAP is the resistance for antiparallel alignment of the adjacent ferromagnetic layers
and RP is the resistance for parallel alignment. The Fig. 2.2 represents the change in re-
sistance due to magnetic field in Fe/Cr multilayer systems with different number of Fe/Cr
bi-layers at 4.2K. The relative orientation of field has also been depicted in the figure.
The origin of the GMR is the scattering of the conduction electrons due to the relative
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Fig. 2.2: GMR of Fe/Cr multilayer system when current and magnetic field are in same plane. The
change in resistance is due to the orientation of Fe layers by the applied magnetic field [6]
alignment of the magnetic layers. The scattering of the electrons is larger in case of antiparal-
lel alignment than in case of parallel alignment of magnetization. The electrical transport in
the layers can be divided in two spin-channels. Electrons with their spin opposite to the local
magnetization direction experience more scattering and thus higher resistance than electrons
with their spin parallel to the magnetization. In case of parallel magnetizations, one current
channel acts as a shunting current but in case of antiparallel magnetization both channels
suffer high resistance.
This effect has also been observed in variety of other multilayer systems e.g., Co/Cu,
Ni/Ag and Fe/Cu [36, 37, 38, 39, 40, 41]. As explained earlier, this effect is observed in those
multilayer systems in which there is antiferromagnetic arrangement of the magnetizations.
This arrangement can be achieved by different ways such as pinning of one ferromagnetic
layer or by using layers having different coercivities. The antiparallel alignment in trilayers
is achieved by pinning of one the ferromagnetic layers’ magnetization by the "exchange
bias" effect. The other ferromagnetic layer’s magnetization is kept free to rotate with an
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external applied field [42]. Such a trilayer system is often referred to as a spin-valve. The
antiparallel alignment can also be achieved by using multilayers in which consecutive layers
have different coercivities [43]. In 1992, it was proven that this effect is not limited to only
multilayers systems, the magnetic clusters in a nonmagnetic matrix or combination of layers
and clusters also display the GMR effect due to a non-parallel magnetization in the ground
state [35, 36].
2.4.2 Tunneling Magnetoresistance
The tunneling magnetoresistance was first observed by Julliere in 1975 but at that time it was
not possible to have a reproducible effect at room temperature [12]. In 1995, Moodera et al.
at MIT and Miyazaki and Tezuka in Sendai found a reproducible large TMR value at room
temperature using an amorphous AlOx barrier [13, 14]. This tunneling magnetoresistance is
obtained when the current flows in a magnetic tunnel junction (MTJ). A simple MTJ includes
two ferromagnetic layers of different coercivities separated by a thin insulating barrier. The
magnetization of one of the ferromagnetic layers is hard and that of other is kept soft. The
resistance of the MTJ is low or high depending on the relative orientation of the soft layer’s
magnetization (parallel or anti-parallel) with respect to the hard layer. The magnetization of
the soft layer can be made parallel or anti-parallel to the hard layer by the application of a
magnetic field. By applying a magnetic field, the change in the relative orientation of the two
ferromagnetic layers’ magnetization having different coercivities can be explained as follow:
Starting at high negative magnetic field the magnetization of both layers are parallel in
the field direction and the resistance is R = R↑↑. Upon increasing field, the magnetization of
the soft layer reaches it saturation and switches to anti parallel alignment and the resistance
increases to R = R↑↓. Further increase in the field results in a switching of the hard layer and
the resistance drops to its original value. Now on decreasing the field, the same is repeated
in reverse direction as shown in the Fig. 2.3. The TMR ratio is defined by:
TMR(%) =
R↑↓ −R↑↑
R↑↑
× 100 (2.4.2)
where R↑↓ is the resistance when the soft and the hard layers are antiparallel to each other
and R↑↑ is the resistance when the soft and the hard layers are parallel to each other. The
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Fig. 2.3: Hysteresis loop (top) and corresponding magnetoresistance loop (bottom) of an MTJ with
so called "hard-soft architecture".
origin of the TMR effect lies in the spin-dependent tunneling probability of electrons from
one magnetic electrode to the other across an insulating barrier. It can be explained by using
Julliere’s model, according to which the spin of the electron is conserved during the tunneling
process and the conductance for a particular spin orientation is proportional to the product
of the densities of states of the two ferromagnetic layers. This means that the tunneling of
the spin up and spin down electrons are two independent processes. Therefore, the transport
occurs in two independent spin channels.
When the magnetization of the two ferromagnetic layers M1 and M2 are parallel, the
spin up electrons (from M1) can easily tunnel through the barrier because many unoccupied
spin up states are available in the second ferromagnetic layer (M2). Therefore, the junction
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offers minimum resistance and maximum current flows through it. When the magnetization
of the two ferromagnetic layers M1 and M2 are antiparallel, usually, fewer spin up states
are available in the second ferromagnetic layer (M2) which suppresses the tunneling. In this
case the junction offers maximum resistance and minimum current flows through it.
Fig. 2.4: Schematic representation of tunneling of electrons between the two ferromagnetic electrodes
(M1 and M2) for paralle (above) and anti paralle (below) magnetization orientation. The
arrows (left) show spin conserving tunneling of spin up and spin down electrons in spin
resolved densities of states of ferromagnetic metals.
2.5 Spin Dependent Transport in Disordered Heterogeneous
Systems
The magnetoresistance is not only observed in ordered systems, but also in disordered het-
erogeneous system. A granular system is an example of a disordered hetrogeneous system
in which electrons can tunnel from one magnetic cluster to another through a material of the
insulating matrix.
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Free layer
Barrier
Pinned layer
(a) (b)
H = 0 H
Fig. 2.5: The schematic representation of magnetic granules embedded in an insulating matrix at zero
field (a) and at saturation field (b).
Generally, a granular system consists of magnetic particles embedded in immiscible
metallic or non-metallic (insulator) matrix with a size distribution of the granules of a few
nanometers to hundreds of nanometers. The material of the matrix separates magnetic gran-
ules from each other; this avoids the metallic percolation and protects them from environ-
mental degradation (e.g. oxidation) [44]. A schematic representation of a granular system in
zero field and saturation field is shown in Fig. 2.5. The granules magnetization are randomly
distributed in zero field and they are aligned in the direction of field when a field is applied.
The magnetoresistance in ferromagnetic-insulator granular system is due to the tunneling
of spin polarized electrons between the grains through the insulating materix. At zero field,
the moments of the magnetic grains are randomly oriented while they become more aligned
by the application of external field. This alignment increases the probability of electron
tunneling through the barrier material and a decrease in the resistance is observed. The
complete phenomenon is explained in the following Fig. 2.6. The g-TMR is given by:
g − TMR(%) = ρo − ρH
ρH
.100 (2.5.1)
Where ρ0 is the resistivity at zero field and ρH is the resistivity at maximum applied external
field.
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Fig. 2.6: The resistivity versus field in a magnetic/insulator granular system is shown. The resistivity
is maximum in the zero field and it decreases with the field.
2.6 Role of the Barrier in Spin Dependent Tunneling
Magnetic tunnel junctions with amorphous Al-O barrier have been extensively studied since
the discovery of the room temperature TMR effect. The biggest breakthrough during the
last five years was the discovery that the spin polarization of the tunnel current was not only
influenced by the electronic properties of the magnetic electrodes, but also by the barrier ma-
terial [19, 20]. By changing the barrier material from a thin amorphous layer of aluminum
oxide (Al2O3) to a crystalline layer of magnesium oxide (MgO), the degree of spin polariza-
tion increases from 50% to 90% for same magnetic electrode material (CoFe). As a result,
the TMR ratio has increased from 70% to 500% at room temperature [1, 21]. The major
reason of this large increase is the coherent spin dependent tunneling in epitaxial MTJ with
crystalline MgO tunnel barriers.
In Al2O3 based MTJs, no crystallographic symmetry exists in the barrier because of
its amorphous nature. Furthermore, ferromagnetic electrodes have various Bloch electronic
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Fig. 2.7: Schematic representation of electron tunneling through an amorphous (a) Al-O barrier (elec-
trons are scattered due to disorder atomic arrangement and (b) crystalline MgO (001) barrier
(electrons move straight without any scattering). [20]
states with different symmetries of the wave functions. These Bloch states have finite tun-
neling probabilities through the barrier. This tunneling process is referred to as incoherent
tunneling [45].
In 3d-ferromagnetic metals and alloys, Bloch states with ∆1 symmetry have positive spin
polarization at the Fermi energy, whereas, Bloch states with ∆2 symmetry have negative spin
polarization. It was assumed in Julliere’s model that the tunneling probability is independent
of the symmetry of the Bloch states. In light of this assumption, the momentum and co-
herency of Bloch states should not be conserved which gives rise to a complete incoherent
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tunneling. However, this assumption is not valid in experimental MTJs, where the tunnel-
ing probability depends on the symmetry of the Bloch states. The Bloch states with large
spin polarization (i.e.,∆1 states) have higher tunneling probability than the other states if the
barrier acts as a symmetry filter [20]. This results in a positive net spin polarization of the
ferromagnetic electrodes. The other Bloch states (i.e.,∆2 with P < 0) are also contributing to
the tunneling current and therefore the spin polarization of the electrode is reduced to below
0.6. It should be noted that the actual tunneling through amorphous Al2O3 barriers is consid-
ered to be an intermediate process between the completely incoherent tunneling represented
by Julliere’s model and the coherent tunneling shown by the Fig. 2.7b.
Fig. 2.8: Tunneling DOS (TDOS) for Fe (001)/MgO8ML/Fe (001) for k||= 0 of majority spin states
with parallel alignment of the moments of two states. The MgO barrier has eight monolay-
ers. The TDOS curves are labeled by the symmetry of the incident Bloch states in the left
electrode [46].
In case of an ideal coherent tunneling, Fe−∆1 states are theoretically expected to tunnel
dominantly through the MgO (001) barrier by following mechanism [45]; for k|| = 0, the
tunneling probability is the highest and, three kinds of evanescent states, ∆1, ∆5 and ∆2
exist in the band gap of MgO (001). When the symmetries of the tunneling wave functions
are conserved, Fe − ∆1 Bloch states couple with MgO − ∆1 evanescent states, Fe − ∆5
Bloch states couple with MgO−∆5 evanescent states and Fe−∆2 Bloch states couple with
MgO − ∆2‘ evanescent states. Butler et. al.[46], showed by the first principle calculations
18 CHAPTER 2. THEORETICAL BACKGROUND
that among these states, the∆1 evanescent states have the longest decay length in partial DOS
in MgO barrier as shown in Fig. 2.8. Therefore, the Fe −∆1 ↔ MgO −∆1 ↔ Fe −∆1
channel is the dominant tunneling channel in the parallel magnetic states.
        Band structure of Fe
Fig. 2.9: Band structure of Fe calculated by layer-KKR method. Red lines show bands of minority
spin and blue lines show majority spin. The majority spin has ∆1 band at the Fermi level
[47].
The band dispersion of bcc Fe in [001] (k||= 0) direction is shown in Fig. 2.9. The net
polarization of Fe is small because both majority-spin and minority-spin bands have many
states at Fermi energy. However, Fe−∆1 states are fully spin polarized at EF (P = 1) and,
therefore, a very large TMR effect in the epitaxial Fe/MgO/Fe is expected.
It should also be noted that even for antiparallel magnetic states, a finite tunneling current
flows, which is called hotspots tunneling. The origin of this hotspot tunneling is the resonant
tunneling between the interface resonant states. Although a finite tunneling current flows
in AP states, the tunneling conductance in P states is much larger than that in AP states,
therefore, a very high TMR is observed.
2.7. GRANULAR CONDUCTIVITY 19
2.7 Granular Conductivity
In granular films, which consist of fine metallic grains (ferromagnetic) in any insulating
matrix, the transport process is supposed to be controlled by the charging energy of the grains
and the spin dependent tunneling of electrons between the grains. The electrical resistivity
is thus a function of temperature and magnetic field [48]. According to P. Sheng et al the
metallic grains are interconnected by their resistivity of the form
ρ ∝ exp
(
2κs+
Ec
2kBT
)
(2.7.1)
where s is the thickness of the insulating layer between the grains, Ec is the charging energy
κ = (2m
∗ϕ
~
), m∗ is the effective mass of electron, ϕ is the barrier height, ~ is the Plank’s
constant,kB is Boltzman constant and T is the absolute temperature [49]. Ec is the amount of
energy required to generate a pair of positively and negatively charged grains. It is assumed
that electrons tunnel between the grains of the same sizes, i.e., cannot tunnel either to a
smaller particle since the charging energy is larger or to a larger particle which further away
since the tunnel resistance is larger. The tunneling of electrons at high temperature is mainly
between the nearest neighbors. Sometimes it is also termed as nearest neighbor hopping.
The condition necessary for the nearest neighbor hopping is the existence of large number of
pairs of close neighbors in which one of them has empty sites. As the temperature decreases
below a certain limit the number of empty sites among the nearest neighbors becomes small
and hopping to the nearest site freezes out. Therefore, it is more favorable for electrons to
hop beyond the region of nearest sites to find optimal energy sites [50]. This is called Mott
Hopping (MH). The well known Mott’s Law for hopping in three dimensional disordered
systems is given by the equation
ρ = ρoexp
(
ToM
T
)1/4
(2.7.2)
with
RM ≈ 1
α
(
ToM
T
)1/4
(2.7.3)
and
ToM ≈ α
3
kBn(o)
(2.7.4)
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Where ToM is a constant proportional to charging energy, ρoM is a pre-exponential factor,
α is the inverse localization length RoM is the hopping distance and n(0) is the density of
state near the Fermi level. While deriving the equation of resistivity by Mott the effect
of Coulomb interaction between the electrons was neglected. In this case the density of
state (DOS) around the Fermi level is nearly constant. Efros and Shklovskii discussed the
significance of the coulomb interaction and its influence on the DOS [51]. They proposed
that if long range coulomb interactions between the localized states are taken into account
then the DOS is reduced near the Fermi level or completely suppressed at the Fermi Level.
The Efros Shklovskii Law at low temperature is then
ρ = ρoAexp
(
ToA
T
1/2
)
(2.7.5)
with
RES ≈ 1
α
(
TES
T
)1/2
(2.7.6)
and
TES ≈ αe
3
kBǫ
(2.7.7)
Where TES is a constant proportional to charging energy, ρoM is a pre-exponential factor, α
is the inverse localization length, RES is the hopping distance and ǫ is the dielectric constant
of the insulating material.
2.8 Experimental Investigations
In this work the structure and quality of MgO tunnel barrier in ordered system (MTJs) are
investigated at the first stage and the role of MgO barriers in disordered systems (granular
systems) is discussed in the second stage. Different bottom electrodes i.e., Ru and CoFeB,
are used to analyze the MgO barrier in ordered system. The defect density in the barriers
and resistance are analyzed with the help of Conducting Atomic Force Microscopy (CAFM).
Different thicknesses of MgO are deposited on a Ru under layer and analyzed to optimize the
CAFM setup. For the characterization of the MgO in MTJ’s, half finished magnetic tunnel
junctions (HFMTJ) are prepared. HFMTJs are the junctions in which a normal layer stack
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of MTJ is used but the deposition is stopped after the barrier layer. The results are compared
with complete MTJs.
In the second stage of this work the spin dependent transport in disordered system (granu-
lar system) of CoFeB/MgO is investigated. The transport properties of the system are studied
by changing the thickness of individual MgO and CoFeB layers. The role of MgO barriers
in disordered systems is studied and the results of disordered system are compared with their
structures. Effects of annealing on the microstructures and the electrical and magnetore-
sistance properties are discussed at room temperature. The temperature dependent measure-
ments down to to 1.25 K provide a deep insight into the transport mechanisms in this system.
A short comparison of CoFeB/MgO with other disordered systems highlights the importance
of this disordered system.
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Chapter 3
Experimental Techniques
This chapter includes the experimental techniques for the fabrication of multilayers and gran-
ular systems. Different methods used for the characterization and analysis of these samples
are also mentioned in this chapter. Only a brief explanation has been provided in most cases.
The readers who are interested to learn more about these are recommended to refer the cita-
tions.
Two kinds of multilayer systems, ordered multilayer and disordered multilayer systems,
have been investigated in this thesis. Disordered multilayer system has been deposited at
room temperature by DC and RF magnetron sputtering on thermally oxidized Si wafers.
Discontinuous layers are formed at the early stage of the film growth. Initially, the film
grows in the form of clusters and the size of these clusters grows by the deposition of the
film. These clusters then join up to form a complete layer. An ordered multilayer system
is formed by the deposition of complete layers. All samples investigated in this thesis have
been fabricated by a Leybold Dresden CLAB600 sputtering system.
3.1 Magnetron Sputtering
The basic principle of sputtering is to bombard the target material with high energy plasma
ions (Ar ions), accelerated due to the high potential of the target (e.g. 100V to 1000V) and
to deposit the atoms which have been knocked out of the target on the substrate placed above
the target. This is schematically represented in Fig. 3.1. CLAB600 has six magnetron sources
24 CHAPTER 3. EXPERIMENTAL TECHNIQUES
Fig. 3.1: Schematic representation of a sputter sourace [55].
of 4 inch diameter. Two of them are capable of sputtering magnetic materials. One source is
operated in RF mode for sputtering insulating materials and the other three sources are used
for sputtering non-insulating and non-magnetic materials. The distance between target and
substrate is kept at 11.5 ± 0.3 mm, depending on the target thickness. The thickness of the
deposited material is controlled by the power applied to the source and the deposition rate.
The deposition rate of each material is calculated by the X-Ray reflectometery measurements
of extra deposited samples of the corresponding material. Detail of the deposition process
can be found in Ref. [52, 53, 54].
The samples for CAFM studies were prepared on the Si wafers without mask. The sam-
ples of disordered multilayer system of CoFeB/MgO were sputtered through masks in the
form of of rectangular bars of dimension 2 mm × 15 mm for the electrical measurements.
However, they were also sputtered in the form of sheets for XRR and magnetic measure-
ments.
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3.2 Annealing
The sputtered deposited films are generally not in saturated equilibrium and under residual
stress. This is removed by moderate annealing. The samples are annealed in a computer
programmable vacuum furnace. The base pressure of the furnace is 2 ×10−8 m bar. with the
maximum attainable temperature of 550o C. For annealing, samples are moderately pressed
on 2 inch× 4 inch copper plate which is connected to the heating filament; pipes are used for
cooling down with compressed air. The annealing is always started at 1× 10−7m bar.
3.3 DC Resistivity and Magnetoresistance Measurements
For electrical and electromagnetic characterization of the granular samples, the resistivity
and g-TMR measurements are done at room temperature and temperatures down to 1.25
K. For room temperature measurements a measuring device optimized for magnetic tunnel
junctions is used. It is possible to apply a maximum voltage of ± 2 V by this device. The
current is measured by an electrometer with 6 amplification ranges (10 mA, 1 mA, 100 µA,
10 µA, 1 µA and 100 nA). The magnetic field is applied by using two coils energized by
two BOS/S-36V-12A power supplies with an error of ± 1 Oe. The maximum magnetic field
produced by this equipment is ± 3500 Oe. For the more details of setup see Ref. [56]. The
DC resistivity and the g-TMR are measured by using conventional 4-contact technique. The
contact to the granular layers under a top MgO capping layer is obtained by pressing a sharp
end gold needle on the sample surface.
The temperature dependent resistivity and g-TMR measurements are carried out in an
Oxford Instruments closed cycle He cryostat, which provides a temperature down to 13 K.
The current-voltage setup is the same as above but the maximum magnetic field of this setup
is ± 1770 Oe. For more details of the experimental setup see Ref. [57]. For low temperature
measurements, four Au electrodes in rectangular shape are sputtered on the sample surface.
The dimension of these electrodes is 100 µm× 1.5 mm and they are 100 µm separated from
each other. These electrodes are contacted by Au-wire bonding.
For measurement of the Coulomb gap energy, a 4He cryostat constructed by O. Schebaum
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during his Diploma thesis is used [58]. It consists of two Dewar vessels containing liquid
N in the outer vessel and liquid He in the inner vessel. Both Dewar vessels, made of glass,
are silvered inside to protect against the external radiation heating. The sample is introduced
in the liquid He with the help of a Dip -Stick. At normal atmospheric pressure the boiling
point of He is 4.21 K and Nitrogen is 77 K. By pumping out the He gas atoms having largest
Kinetic Energy (K.E.), the average K.E. of the He is reduced. Therefore, the pressure and
as a consequence the temperature of the He bath is reduced. The temperature of the He bath
can be reduced to 1.2 K.
3.4 Scanning Electron Microscope (SEM)
For surface studies of the samples and to take the images of the conducting tips a LEO 1530
Scanning Electron Microscope (SEM) is used. The SEM allows investigation of samples
over a wide range of magnifications down to a resolution of a few nanometers. The basic
principle of a scanning electron microscope is to focus a fine electron beam on a sample and
scan over the area of interest. To obtain an image, the backscattered electrons as well as
secondary electrons resulting from inelastic scattering from the electron beam in the sample
can be detected.
3.5 Alternating Gradient Magnetometer (AGM)
The magnetization of the granular samples is measured by an Alternating Gradient Magne-
tometer (AGM) MICROMAG 2900 from the PRINCETON MEASUREMENT CORPORA-
TION. The maximum magnetic field, generated by an electromagnet, is 14 kOe at an air gap
of 12 mm. The sensitivity goes down to 10 pAm2 with an accuracy of 2%. The sample is
mounted at the end of vertical quartz rod, the other end of which is attached to the bottom
of a piezoelectric sensor Fig. [59]. A large electromagnet is used to produce an external
magnetic field up to 14 kOe. Two small electromagnets produce an alternating magnetic
field gradient across a region in which the sample is placed. The alternating field gradient
exerts an oscillatory force on the sample. This force induces a mechanical deflection in the
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Fig. 3.2: Schematic representation of alternating gradient magnetometer (AGM).
quartz rod, which is transmitted to the piezoelectric sensor. The bending of the piezoelectric
sensor then produces a voltage signal proportional to the amplitude of the oscillation. From
this signal the magnetic moment of the sample is determined because the oscillatory force
is proportional to the product of the magnetic moment times the field gradient. To calculate
the magnetization of the sample one needs to know the volume of the magnetic layers in the
sample. More details of AGM are available in Ref. [60]
3.6 High Resolution Transmission Electron Microscopy
High resolution transmission electron microscopy (HRTEM) is a suitable tool for the study
of nanoparticles and nanostructures in bulk materials. It is used for direct measurement of
three dimensional images, crystal structures and elemental composition. Usual diffraction
techniques, X-Ray Diffraction and Neutron Diffraction collect structural information from
a large number of unit cells (typically 1015) so they give an average structure. On the other
hand, HRTEM directly measures microstructures in solids on the nanometer scale. There-
fore, many local structures on this scale can be observed by HRTEM. The HRTEM operates
on the same working principle as that of a light microscope. However, the high resolution
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is obtained by using electrons instead of photons. As we know that the resolution is pro-
portional to the wavelength of the particles used and the wavelength associated with the
electron is thousand times smaller than that of usual light. Therefore, the resolution of a
HRTEM is thousand times better than that of the light microscope. An electron source at the
top of the HRTEM emits electrons that travel through vacuum in the column of the HRTEM.
Electromagnetic lenses are used to focus the electrons into a very fine beam. The focused
electron beam transmits through the specimen and interacts with the material of the speci-
men. Depending on the density of the material, a fraction of electrons is transmitted through
the specimen. An image is formed by the transmitted electrons. This image is magnified
and focused onto an imaging device, such as a fluorescent screen, on a layer of photographic
film, or to be detected by a sensor such as a CCD camera. The working of a TEM is shown
in the Fig. 3.3. For more details of HRTEM the references can be consulted [61, 62, 63].
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Fig. 3.3: Schematic view of Transmission Electron Microscope [55].
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3.7 Atomic Force Microscopy
Atomic force microscopy is a powerful tool for analyzing the surface of a sample. It is
used here to probe the surface of multilayers accurately and deduce the valuable informa-
tion from its topography. AFM operates by scanning a very sharp and tiny tip attached at
the end of a cantilever across the sample surface. The tip approaches the surface of the
sample and interacts with it via van der Waals forces in case of large distances . For small
distances, repulsive Pauli-Forces occur. The interaction translates in a cantilever deflection
or a change in the cantilever oscillating frequency, depending on the operational mode of
the AFM. Changes on the deflection or the frequency of the cantilever are detected by an
optical system consisting of a laser beam which is reflected on the cantilever and arrives to
a four quadrant photodiode detector which measures the vertical as well as the horizontal
deflection. The displacement of the cantilever in three dimensions is done by means of a
piezoelectric scanner, combining independently operated piezo electrodes for X, Y and Z
direction into a single tube. The AFM used in our experiments is an "Explorer" made by
Topometrix. It operates in two modes.
1) Contact mode
2) Non-Contact mode
3.7.1 Contact Mode
In this mode the tip is brought into direct physical contact with the sample surface (i.e., in
the range of repulsive forces). The tip applies a force on the sample surface and this force
is controlled by the feedback loop. During the measurements this feedback loop keeps the
force constant. As the probe scans, varying topographic features of the sample surface cause
deflections of the tip. A light beam from a small laser bounced off the cantilever is reflected
on to the four sections photo detector. The amount of deflection of the cantilever can then
be calculated from the difference in light intensity on the sectors of photodiode and fed back
into the feedback loop which maintains constant deflection. The Contact AFM is the simplest
AFM method, involving least instrument variables for gathering topographic information.
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3.7.2 Non-Contact Mode
As the tip moves across the sample surface, it may cause damage to soft or fragile samples
such as biological specimens or polymers. To avoid this sometimes non-contact scanning is
preferable. In non-contact mode, the cantilever is oscillated above the sample at its resonance
frequency. As the tip get closer to the sample surface, the attractive force between the tip and
the sample will change the oscillation amplitude and phase of the vibrating cantilever. Either
the changes in amplitude or the changes in phase can be detected and used by the feedback
loop to produce topographic data. A detailed information about the operation of the AFM
can be found in the literature [64].
3.8 Conducting Atomic Force Microscope
Conducting Atomic-Force Microscopy (C-AFM) is an advantageous method for a local elec-
trical characterization of e.g., barrier materials at the nanometer scale. In this technique, a
conductive tip is used to scan the sample surface in contact mode. An additional electronics
is used to provide a bias voltage between sample surface and tip and the resulting current
tunneling between the thin barrier and the AFM tip is recorded. Therefore, topographic and
current measurements can be recorded simultaneously. The details of electronics are given
below:
3.8.1 Power Supply
A DC bias voltage is applied between the tip and the sample by a homemade power supply
which can apply a minimum voltage of 5 mV ± 1 mV and a maximum of 5 V.
3.8.2 I/V Convertor
The flowing current is amplified by using a current amplifier LCA-1K-5G made by Femto.
This current amplifier is a low noise (3fA/Hz1/2), high gain (5×109) and fast response (400
µs rise/fall time) device with a minimum detectable current of 1 pA and saturation current of
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Fig. 3.4: Schematic representation conducting atomic force microscope
± 2 nA. When connected to the AFM, the noise of the current measuring assembly increases.
Therefore the minimum detectable current increases to around 10 pA.
3.8.3 Conducting Tips
Besides the performance of the acquisition setup the nature and properties of tip probes are
very important for the quality of the results. The tip should have low resistance to provide a
good electrical contact and it should be sharp enough to produce good quality topographic
features. A variety of conducting tips were used to measure the local electrical properties of
MgO surface including diamond coated tips, Au coated and Pt/Ir coated tips. Pt/Ir coated tip
worked well for the MgO surface. It is an antimony doped Si tip with front side and back
side coating with 20 nm Pt/Ir. The front side Pt/Ir coating provides an electrical path from
the cantilever to the apex of the tip, while the backside coating serves as a reflective coating
and also compensates the stress created by the front side Pt/Ir coating. The apex radius of
the tip is in the range of 60 to 140 nm with a spring constant of 2.8 N/m.
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3.8.4 Contact Force
Information about contact force is very important for reliable current maps in the CAFM
technique. In Topometrix AFM the sensor current along with a feedback circuit keep the
contact force constant. When tip moves in feedback, the sensor response curve gives infor-
mation about the force conversion factor (nN/nA), cantilever deflection (nA) versus piezo
displacement (nm) curve and sensor response (nA/nm). By using the force conversion factor
and sensor current the exact value of the contact force can be calculated.
3.9 Aspects of CAFM
The aspects of CAFM which are most attractive for nano scale electrical transport measure-
ments are
1) The ability to image samples with high resolution before, during and after the mea-
surements.
2) The ability to record I-V relationships on samples that are highly resistive or sur-
rounded by insulating regions
3) Straightforeword interpretation of the tip position relative to sample (a measured re-
pulsive force indicates intimate tip sample contact)
This makes CAFM ideal for studying electrical transport in micro-fabricated semicon-
ductor devices, nanoparticle assemblies and individual molecules [65].
Chapter 4
Characterization of MgO Tunnel
Barriers
This chapter discusses the characterization of MgO barriers in ordered multilayerd struc-
tures. The quality of the ultra thin MgO films for the tunnel barrier in the MTJ devices is
investigated by employing a modified conducting atomic force microscope. This is a di-
rect technique for studying the conductance locally by making conductance and topographic
maps of MgO films simultaneously. The MgO films are investigated by using Ru as bottom
electrode and half finished magnetic tunnel junction. Different imaging parameters of the
tip-sample contact like contact resistance, radius of contact spot and imaging force were op-
timized by scanning MgO with Ru bottom electrode. These optimized imaging parameters
are used to study the electrical properties of MgO tunnel barriers in MTJ’s. A statistical
model to study the fluctuations in tunneling transmission through thin insulating barrier pro-
posed by F. Bardou is used to quantify the quality of MgO barrier. The major part of this
chapter has been published in the reference [66].
4.1 Introduction
Magnetic tunnel junctions (MTJs) are extensively used as memory cells and read head sen-
sors in hard disk technology. However, these devices must be improved to meet the future
requirements of ever increasing data storage capacity of hard disks. It requires MTJs having
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maximum signal to noise ratio (SNR) and increase in reading data rate. Submicron MTJs
with low resistance and high TMR ratio can fulfill these requirements [67, 68]. The signal is
given by η× iB ×∆R and noise is determined by the resistance R of the device [69]. Here η
is the head efficiency, iB is the bias current and ∆R is the change in resistance of the device
induced by the magnetic field. High data storage capacity requires a small data track width
on the disk which decreases the efficiency of the sensor. Furthermore, the decrease in the
size of memory cells requires a small bias current iB so that the rise of temperature can be
avoided. Therefore, the decrease in signal due to η and iB can be compensated by increasing
∆R. Furthermore, the noise is reduced by decreasing the resistance of the device. Hence,
the device resistance R should be small enough and the change in resistance (∆R) should be
large enough to obtain a maximum SNR. In conclusion, a low resistance MTJ with ultrahigh
TMR ratio is a suitable device for future hard disk technology. This is only possible for an
MTJ when it has a thinnest possible closed barrier layer.
4.2 Characterization of Barrier
Magnesium oxide (MgO) is, at the moment, the best candidate for the barrier material in
magnetic tunnel junctions, because of its superior tunneling magnetoresistance (TMR) value
compared to AlOx, the possible low Resistanec× Area (RA) product and high thermal sta-
bility [19, 20]. A theoretically predicted TMR value of 6000% has been reported for MTJs
with MgO barriers, while the highest experimentally achieved TMR values are up to 500%
at room temperature [46, 70, 71, 72, 73, 21]. Imperfections in the MgO barrier induced, e.g.,
during the deposition of MTJs are potential obstacles to further increase the TMR ratio and
to implement extremely low resistive MTJs in read head sensors. A better understanding of
these imperfections in ultra thin barriers is of vital significance for controlling the uniformity
and other quality parameters and to make them suitable for industrial applications. X-ray
photoemission spectroscopy, secondary ion mass spectroscopy and decoration of pinholes
by electrodeposition of copper on the insulating barriers are among various techniques that
have been developed to study imperfection in insulating barriers [74]. These techniques and
their limitations will be briefly discussed in the following paragraphs.
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4.2.1 X-ray Photoemission Spectroscopy and Secondary Ion Mass Spec-
troscopy
X-ray photoemission spectroscopy is a method of measuring the kinetic energy distribution
of photoelectrons emitted from the specimen material excited by monochromatic light. It
gives complete information about bound electron states in the material; therefore, it is used
to study both electronic structure and chemical bonding [75]. This technique is extensively
used for the investigation of nano layers and their buried interfaces.
Secondary ion mass spectroscopy is the most sensitive technique to analyze the elemental
composition of a surface or thin film. In this technique the surface of a specimen is sputtered
by a focused primary ion beam and the ejected secondary ions are collected and analyzed by a
spectrometer. It helps to analyze the elemental, isotopic and/or molecular composition of the
surface. Both of these techniques provide global information on the chemical composition,
surface interface structure and thickness of barrier material. They are, however, unable to
determine the quality of the barrier material locally at the nanometer scale.
4.2.2 Decoration of Pinholes by Electrodeposition of Copper
The decoration technique is an important tool to map submicron pinholes in an insulating
barrier. It is a classical technique to see the structures which are not accessible by direct
imaging. This is done by the galvanic growth of appropriate material at the structure to be
detected. Pinholes which are formed in an insulating layer on top of a metal film have an
intrinsic large conductivity. By using this property a preferred growth of copper by electrode-
position on the pinholes can be achieved. The growth structures can be imaged by scanning
electron microscopy.
The pinhole decoration by electroplating of copper leads to growth of cauliflower-like
copper particles of various sizes. Initialization of the growth process requires a short pulse
of increased voltage. This causes nucleation of small structures with typical diameter less
than 200 nm. Continuation of the growth leads to an increase in the size of these structures.
R. Schad et.al. studied the fluctuation in Al2O3 barrier thickness by using this technique
[76]. The Fig. 4.1 shows the SEM image of their typical sample consisting of bottom
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Fig. 4.1: An SEM image of a sample having a bottom ferromagnetic electrode and a 1.8 nm thick
insulating layer of Al2O3 after nucleation of Cu island on pinholes [76].
ferromagnetic electrode and an insulating layer of 1.8 nm thick Al2O3. The image has been
taken after applying a short pulse of 0.5 V for 10 seconds followed by the electrodeposition
of Cu. The initial voltage pulse leads to the breakdown of all weak links with local insulator
thickness of less than 5 ◦A. Without the initial voltage pulse copper growth is not observed
which indicates that the sample did not have intrinsic pinholes.
4.2.3 Rowell’s Criteria
In the 1960s and 1970s, a set of criteria (so-called Rowell criteria) was formulated to iden-
tify single-step elastic electron tunneling in superconductor-insulator-superconductor (S-I-S)
structures. Only three of those criteria can be applied to identify the tunneling of electron
when neither of the electrodes is a superconductor. These are
1) An exponential thickness dependence of the conductance (or resistance),
R(tbarrier) = exp
(
tbarrier
to
)
(4.2.1)
Where to is the Wentzel - Kramer - Brillouin (WKB) decay length.
2) The conduction should show a parabolic voltage dependence which should be well
fitted to theoretical models of Brinkman - Dynes - Rowell (BDR) or Simmons.
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3) The conduction should have an insulating-like temperature dependence i.e., the resis-
tance should decrease with temperature.
In the MTJ literature, the second criterion is most commonly used. Akerman et.al. inten-
tionally created shorts in the ultrathin aluminum oxide barriers and showed that the first two
criteria - thickness dependence and the voltage dependence of the conductance - are neces-
sary but not sufficient or reliable in ruling out the presence of pinholes and to identify the
quality of the barrier [77, 78]. Bryan Oliver et.al. found tunneling like R(T ) dependence in
intentionally shorted devices and Venture et.al. observed a mixed R(T ) behavior in devices
with thin insulating barrier [79, 80]. Therefore to identify the quality of ultrathin barrier
some additional tests are needed.
4.3 Conducting Atomic Force Microscopy
Conducting atomic force microscopy (CAFM) is a powerful technique for the simultaneous
measurement of conductivity and topography at nanometer scale [81]. It is used to evalu-
ate and rank the merits of new materials and fabrication methods, without producing and
testing the final device [82]. This technique has been extensively used for investigating the
conductance distribution on metal surfaces, insulator-conductor hetero-structures and gran-
ular metal-insulator nano-composites [83, 84]. At low bias voltage, CAFM can resolve the
spatial fluctuations of the local current through the barrier and thus reveal defective sites or
imperfections. The nature of the tip-sample contact plays an important role for the character-
ization of a barrier in the CAFM geometry. Any change in shape of the tip leads to a severe
change in the image and the results on electrical properties of the sample. Evaluating the
contact resistance between tip and sample and the radius of the contact spots will help to un-
derstand the transport processes in the CAFM. In the following paragraphs contact resistance
and radius of contact spots will be discussed for our CAFM setup.
4.3.1 Measurement of the Contact Resistance
In order to calculate the contact resistance, a test sample with special structures of conducting
triangles and squares on a Ru surface were prepared by coating e-beam resist on it. The
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Fig. 4.2: Simultaneously scanned conductance (left) and topography (right) maps of a test sample
having conducting triangles and squares made by putting e-beam resist on a Ru surface
sample was scanned with the CAFM setup discussed in section 3.8. An additional resistance
of 10 MΩ was introduced to limit the current between tip and sample. The sample was
scanned by applying different bias voltages, where the current must be in the range of I/V
convertor. At a voltage of 20 mV a maximum current of 1.78 nA was obtained. The contact
resistance was then calculated by the circuit equation
Rc =
Vb
I
−R (4.3.1)
where Rc is the contact resistance, Vb is the bias voltage and R is the additional resistance.
By using the above mentioned values, Rc resulted in 1.23 MΩ.
4.3.2 Area of the Contact Spot
The radius "a" of the mechanical contact spot of the sample and the tip can be calculated by
using Hertz’ Law [85]
a3 =
3RtF
4E∗
(4.3.2)
Here Rt is the radius of the tip and F is the force exerted on the sample. This force can
be obtained from the deflection of cantilever. E∗ is a constant given by
E∗ =
[
1− µ2t
Et
− 1− µ
2
s
Es
]−1
(4.3.3)
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Where;
Es = Young Modulus of MgO = 248.17 GPa [86]
Et = Young Modulus of tip (Pt/Ir) = 100 GPa [87]
µs = Poisson ratio of MgO = 0.18
µt = Poisson ratio of the tip (Pt/Ir) = 0 <µt < 0.5 [87]
F = 3.60x10−7 N
Rt = 60 nm - 140 nm
Using Eq. 4.3.2, Eq. 4.3.3 and the values of the parameters for the materials used, the
radius of the contact spot is evaluated between 6 nm and 8 nm leading to a contact area in
the range of 10−4µm2.
4.3.3 Hotspots
The hotspot density and the resistance of hotspots are considered as parameters to charac-
terize the MgO tunnel barriers. "Hotspots" are defined as areas of the barrier, which show
a prominent current signal in the current maps due to defective sites in the barrier. These
hotspots can alter the TMR value and degrade the device performance. The current IHS
measured by our setup is given by the following equation
IHS = Io + Ihs (4.3.4)
Where Io is the typical current or background current at the bias voltage of V0 from the major
parts of the oxide surface and Ihs is the current originating from the hotspots additionally to
Io. Only those peaks will be considered as hotspots for which Ihs = 3 × in (three times
the peak to peak value of noise current). IHS is the hotspot current which can vary between
Io + 3× in and 2 nA (the maximum limit of our current measuring assembly).
4.4 Characterization of an MgO Tunnel Barrier on Ru Bot-
tom Electrode
CAFM has not been extensively used because of the difficulties in achieving reproducible
measurements. The tip sample contact, ambient environment, imaging force and appropriate
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interpretation of the results limit a wide range of application of this technique. In this work
the imaging conditions of CAFM for characterization of MgO barrier are optimized. This is
done by scanning different thicknesses of the MgO barrier using Ru as bottom electrode at
different imaging forces and bias voltages.
4.4.1 Sample Preparation
In order to fabricate the samples for this study, multi-layers were deposited at room temper-
ature by DC and RF magnetron sputtering on thermally oxidized Si wafers. This deposition
was carried out by using Ru as bottom electrode with sequence SiO2 (50) / Ta (5) /Ru (20) /
MgO (tB) (all numbers in parentheses are in nm and tB represents the thickness of the MgO).
The samples of this series (Ru_series) are labeled as Ru_0.5, Ru_0.8 and Ru_1.0 correspond-
ing to the bottom electrode Ru and MgO thickness of 0.5, 0.8 and 1.0 nm, respectively.
4.4.2 Results and Discussion
Optimization of Imaging Force
The force between tip and sample surface during imaging plays an important role for study-
ing the imperfections, like "hotspots" in the MgO barriers. To find the optimum imaging
force, the sample Ru_0.5 was scanned with different imaging forces at a bias voltage of
10 mV. A force less than 2.0 × 10−7 N was not enough to penetrate the insulating layer of
water between the tip and the sample and it was not possible to get a good electrical con-
tact between them [88]. However, by increasing the imaging force from 3.5 ×10−7N to 6.5
×10−7 N the background current increases from 0.52 nA to 0.56 nA, accordingly a decrease
in resistance was observed. The number of hotspots was also increased due to the increased
imaging force that might create some additional pinholes in the barrier e.g., a large green
area at the bottom of the Fig. 4.4(c) and 4.4(e) appeared due to the damaging of insulating
layer of MgO by increased force of the tip. The increased force also damages the conducting
layer of the tip which was observed by taking the SEM images of the tip before and after
applying a force of 6.5×10−7N. The SEM images of the tip are shown in Fig. 4.3. In addi-
tion, multiple scans of the same area showed nearly same results at 3.5 ×10−7 N as shown
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Fig. 4.3: SEM images of the same tip before (a) and after (b) applying a force of 6.5 ×10−7 N
in Fig. 4.5. Therefore, to study the intrinsic hotspots, an imaging force of 3.5 ×10−7 N was
considered as safe and used throughout the study. At this contact force, a current of around
1 nA is found at the best conducting regions of the sample at 10 mV. This implies that a
contact resistance of 10 MΩ or less is present between the tip and the sample surface.
Hotspot Analysis
The current maps of Ru_series are shown in Fig. 4.6. When the sample Ru_0.5 was scanned
at 10 mV, most of the scanned area showed a background current of 0.52 nA with in = 20
pA. This is considered as typical current for 0.5 nm of MgO with a corresponding resistance
of 20 MΩ. However, a large number of current spikes with a current more than 0.58 nA
(0.52 + 0.06nA) at the local minima of the topographic profile have been observed, which
are called "hotspots" in this thesis (sometimes also termed as pinholes). The resistance of
these hotspots lies in the range of 17 MΩ to 5 MΩ and the density of these hotspots at 10
mV is 80 ±5/µm2, which is high enough to shorten the 0.5 nm thick barrier of Ru_0.5.
Samples Ru_0.8 and Ru_1.0 were scanned for different bias voltages and almost no
hotspots were found at the bias voltage of 10 mV (not shown). The first current signals
for Ru_0.8 and Ru_1.0 occurred at 20 mV and 300 mV, respectively. By increasing the MgO
thickness from 0.5 nm to 0.8 nm the background current decreases from 0.52 nA to 0.17 nA
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(a) (b)
(c) (d)
(e) (f)
Fig. 4.4: Simultaneous current maps of (left panel) and topography maps (right panel) of Ru_0.5
scanned at bias voltage of 10mV and force of 3.5×10−7 N, 5.0×10−7N and 6.5×10−7 N
are represented in Fig. (a) and (b), in Fig. (c) and (d) and in Fig. (e) and (f) respectively.
The green areas in the current maps show current more than 1 nA
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(a) (b)
Fig. 4.5: Current maps of the same area scanned at the force of 3.5×10−7 N. The marked area in the
first scan (a) and in the second scan (b) are identical.
with in = 16 pA. The density of hotspots decreases from 80± 5/µm2 at 10 mV (dMgO = 0.5
nm) to 30± 2/µm2 at 20 mV (dMgO = 0.5 nm). The resistances of these hotspots lie between
100 MΩ to 20 MΩ. Although the resistance of these hotspots is two to ten times more than
10 MΩ but their density is too high to make this junction perfect.
There exists an insulating barrier all over the surface of 1.0 nm thick MgO film because
of infrequent hotspots (5± 1 /µm2). The background current and noise current mixes here at
5 pA so the peaks with 15 pA current are considered as hotspots and the resistance of these
hotspots is in the range of 1010Ω.
Bias Voltage Dependence
The same sample was scanned at different bias voltages and the result is shown in Fig. 4.7. A
nonlinear increase in the hotspot density has been observed. To findout whether the defects
observed by applying a high voltage were permanent or not, the sample Ru_1.0 was scanned
first at a high voltage. The subsequent scans of the same area with lower voltage gave
correspondingly reduced density of hotspots. This indicates that the defects seen at higher
voltage were not induced by the tip and/or the voltage.
The other important information achieved by scanning of Ru_1.0 at different bias volt-
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(c)
(a)
(b)
Fig. 4.6: Three dimenssional current maps of Ru_0.5, Ru_0.8 and Ru_1.0 scanned at a bias voltage
of 10, 20 and 300 mV depicted in (a), (b) and (c) respectively
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Fig. 4.7: Hotspot density as a function of bias voltage for a 1 nm thick MgO Ru bottom electrode.
ages is the maximum current (Imax) as a function of the bias voltage (Vb). Fig. 4.8 shows
a graph of Imax vs Vb. This graph also shows a nonlinear increase of Imax with Vb which
indicates that the current at an MgO thickness of 1.0 nm is obtained by tunneling through the
1 nm thick MgO barrier.
Statistical Analysis
F. Bardou presented a statistical model which treated the variation in tunneling transmission
due to the fluctuations of the barrier parameters [89]. He predicted that a small fluctuation
in the barrier parameters leads to a very large variation in the tunneling current. The total
tunneling current is dominated by a small amount of highly conducting sites (hotspots) which
are related to the existence of disorder in the barrier. A broad distribution of current with a
long tail characterizes a significant spatial variation of the barrier properties. On the other
hand, a narrow current distribution indicates a small spatial variation of the tunnel barrier and
is a signature of very high quality barrier. We have used his model to quantify the quality of
our tunnel barriers.
The probability for a particle of mass M and kinetic energy E to tunnel through a rectan-
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Fig. 4.8: Maximum current as a function of bias voltage for a 1 nm thick MgO layer on a Ru bottom
electrode.
gular barrier of height Vo and thickness l, where l » λ, is given by
t = 4Aexp
(−l
λ
)
(4.4.1)
Where λ = ~
2
√
2M(Vo−E)
is the attenuation length in the barrier and A = 4E(Vo−E)
V 2o
. This leads
to a log normal probability distribution Pt(t) of the transmission t
Pt(t) =
1
β
√
2π
1
t
exp
[
− 1
2β2
(ln(t)− α)2
]
(4.4.2)
Here α = ln(4A) − 〈l〉
λ
is a scale parameter, β = σl/λ is a fluctuation parameter and σl
is the standard deviation of the barrier thickness l. Since we measure a local current i and
not local transmission t, a proportionality factor η such that t = ηi is introduced. This linear
transformation leads to a current distribution
Pi(i) = ηPt(ηi) (4.4.3)
with a new scale parameter
α´ = α− ln(η) (4.4.4)
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but the same fluctuation parameter β related to the barrier fluctuations. Then α´ and β can be
calculated from the current images as follow
α´− β2 = ln(ityp) (4.4.5)
and
2α´+ β2 = 2ln(〈i〉) (4.4.6)
Where ityp is the most probable local current also called typical current and 〈i〉is the average
local current.
The values of bias voltage, typical current, average current scale parameter α´ and fluctu-
ation parameter β for samples Ru_0.5, Ru_0.8 and Ru_1.0 are given below
Sample Vb (mV) ityp(nA) 〈i〉(nA) α´ β
Ru_0.5 10 0.54 0.99 -0.2121 0.63568
Ru_0.8 20 0.17 0.4949 -1.05959 0.844021
Ru_1.0 300 0.005 0.02394 -4.25424 1.021799
Fig. 4.9a shows the normalized probability density distribution and normalized distribu-
tion of experimental data for sample Ru_0.5. A broad distribution of local current with a long
tail is prominent for 0.5 nm thick barrier. The current extends from the typical value of 0.54
nA to maximum value of I/V convertor 2.0 nA. The current decreases slowly from 0.54 nA
to 2.0 nA which indicates the large variation in the thickness of the barrier. This means that
the probability of large current for a thinner barrier is high which is due to the existence of
low resistance hotspots. An increased probability at the tail of the experimental data curve is
prominent which also associates the presence of low resistance hotspots (or pinholes) in the
barrier. The current through the barrier is dominated by these hotspots. For a barrier of 0.8
nm thick MgO the distribution of local currents becomes narrower than for the 0.5 nm thick
MgO barrier. The distribution curve shows a decrease in the local currents from a typical
value of 0.17 nA to the maximum value of 1.0 nA. The experimental distribution appeared
to incline upwards at the end which is depicted in Fig. 4.9(b). This upward inclination is due
to the presence of a small number of highly conducting sites at this thickness.
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Fig. 4.9: Normalized theoretical current density distribution (-) and normalized experimental distri-
bution (o) of the local currents for samples Ru_0.6 (a) scanned at bias voltage 10 mV, Ru_0.8
(b) scanned at bias voltage 20 mV and Ru_1.0 (c) scanned at bias voltage 300 mV
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In Fig. 4.9c (dMgO = 1 nm) the local current distribution decreases quickly from 5 pA
to 20 pA and most of the current is distributed in a narrow region around 5 pA. Normal-
ized probability density and normalized distribution of experimental data fit well for 1 nm
thickness of MgO. At this thickness the MgO barrier on Ru electrode is complete and ap-
proximately free from hotspots.
4.5 Characterization of MgO Tunnel Barrier in Half Fin-
ished Magnetic Tunnel Junctions
For industrial application of MTJ as read heads and random access memory in the rapidly
developing industry of data storage devices, the resistance of the junctions and the fluctu-
ation in the junction resistance should be as small as possible. This can be achieved by
decreasing the thickness of the barrier material and controlling the fabrication conditions. In
order to achieve the thinnest possible barrier with small fluctuations in the resistance a local
characterization of barrier with the help of CAFM is very helpful.
After optimizing the imaging conditions for the CAFM setup it has been used for the
characterization of half finished magnetic tunnel junctions which is the main theme of this
thesis. The half magnetic junctions are those junctions (HFMTJ) in which deposition is
stopped after the barrier layer. The upper electrodes are not deposited and the tip of the
CAFM acts as upper electrode. Such samples are used to study the quality and the local
electrical properties of the barrier. In the following paragraph the electrical properties of
HFMTJs with various thicknesses of MgO barriers will be studied. In order to get a com-
plete insulating barrier of MgO the images will be analyzed in term of their hotspot density,
resistance and resistance area product. Furthermore, the quality of these barriers will be
statistically analyzed by the statistical model introduced by F. Badou [89].
4.5.1 Sample Preparation
The samples for this study were prepared by the same procedure as mentioned above. Three
samples with varying thickness of MgO were fabricated with sequence SiO2 (50) / Ta (5) /
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Ru (30) / Ta (5) / Ru (5) / MnIr (12) /CoFeB (2.5) /MgO (tB) (all numbers in parentheses are
in nm unit and tB represents the thickness of MgO). The samples are labeled as CoFeB_0.6,
CoFeB_0.8 and CoFeB_1.0 corresponding to the bottom electrode CoFeB and MgO thick-
ness of 0.6, 0.8 and 1.0 nm respectively.
4.5.2 Results and Discussion
The conductance images of the samples CoFeB_0.6, CoFeB_0.8 and CoFeB_1.0 are pre-
sented in Fig. 4.10. When the sample CoFeB_0.6 was scanned at a bias voltage of 10 mV,
a background current of 0.64 nA with in = 20 pA was observed. The current map in Fig.
4.10(a) indicates a large number of higher current signals originating from uncovered or very
thinly MgO covered CoFeB. The current of these hotspots was ranging from 0.7 nA to 2 nA
with corresponding resistance from 14 MΩ to 5 MΩ. These low resistance hotspots can thus
easily short a 0.6 nm thick MgO film. As the thickness of the MgO film increases from
0.6 nm to 0.8 nm, the background current and the noise current deceases to 0.32 nA and
16 pA with a decrease of the maximum current to 1.4 nA. There is also a rapid decrease in
the density of the hotspots with the corresponding resistance ranging between 26 MΩ and 7
MΩ. The previously occurring conductance from hotspots (i.e. at 0.6 nm) is converted into
tunneling conductance but still, there exist some hotspots (20 ± 2 /µm2) with the resistance
in the range of 10 MΩ which can make the working of the junction device unreliable.
Almost no hotspots were found in CoFeB_1.0 (1 nm MgO) at a bias voltage of 10 mV
(not shown), the first current signals with a background current 18 pA with in = 6 pA and
a maximum current of 200 pA appeared at a bias voltage of 20 mV. The conductance of
this sample at a bias voltage of 20 mV is shown in Fig. 4.10(c). This conductance map
reveals only nominal hotspots, which have a resistance in the range between 550 MΩ and
100 MΩ. These hotspots correspond to points of reduced thickness of MgO film rather than
contact pinholes as the minimum resistance of these hotspots is ten times larger than contact
resistance. Therefore, one can easily say that a complete insulating barrier exists at 1.0 nm
of MgO.
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(b)
(a)
(c)
Fig. 4.10: Three dimenssional current maps of CoFeB_0.6, CoFeB_0.8 and CoFeB_1.0 scanned at a
bias voltage of 10, 10 and 20 mV depicted in (a), (b) and (c) respectively
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4.5.3 Statistical Analysis
From the current maps of HFMTJs, the probability density distribution of the local current
has been calculated in the same way as for the Ru bottom electrodes to quantify the quality
of the insulating barrier and results are shown in Fig. 4.11. The table below represents the
values of parameters α´ , β bias voltage Vb and typical current ityp for samples CoFeB_0.6,
CoFeB_0.8 and CoFeB_1.0 calculated from the respective current images.
Sample Vb (mV) ityp(nA) 〈i〉(nA) α´ β
CoFeB_0.5 10 0.64 0.99 -0.1554 0.5392
CoFeB_0.8 10 0.323 0.667 -0.6466 0.6952
CoFeb_1.0 20 0.018 0.099 -2.8808 1.0660
It has already been explained that a broad distribution of the current with a long tail charac-
terizes a significant spatial variation of the barrier properties [89, 90]. On the other hand, a
narrow current distribution indicates a very small spatial variation of the tunnel barrier and
is a signature of very high quality tunnel barrier. It is clear from Fig. 4.11 that for sample
CoFeB_1.0, the distribution decreases quickly form the typical currents 18 pA to 200 pA
and most of the current is distributed in a narrow region around 18 pA. Normalized proba-
bility density and normalized experimental distribution fit well for 1 nm thickness of MgO.
This indicates a complete insulating barrier approximately free from hotspots. For samples
CoFeB_0.8 and CoFeB_0.6 the currents extend from typical value of 0.32 nA to 1.4 nA and
0.64 nA to 2 nA, respectively. The current distribution curves are broad with a relatively
slow decrease for larger currents. This means that the probability of the large current for
thinner barrier is high which is due to the existence of low resistance hotspots. A peak in
the experimental curve at the end is prominent which also shows the existence of low re-
sistance hotspots in this barrier. Normalized probability density show a very poor fit to the
experimental distribution for thinner barriers because of the existance of highly conducting
hotsopts.
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Fig. 4.11: Current versus normalized density distribution (-) and normalized experimental distribu-
tion (o) of the local currents for samples CoFeB_0.6 (a) , CoFeB_0.8 (b) scanned at bias
voltages of 10 mV and CoFeB_1.0 (c) scanned at bias voltage 20 mV
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Fig. 4.12: The RMS roughness versus the thickness of MgO on Ru bottom electrode (Ru_Series) and
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Fig. 4.13: Hotspot density versus thickness of MgO taken after 5 and 15 minutes of deposition for
Ru_series (a) and CoFeB_series (b).
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4.6 Comparison of Hotspots, Resistance and Resistance Area
Product with Complete MTJ’s
The resistance area product (RA) can be estimated by using the radius of the contact spot
of the tip as calculated in Eq. 4.3.2 and the applied bias voltage divided by the measured
current. The expected metal - metal resistance (R) and RA product in this setup lie in the
range of 106 Ω and 102 Ωµm2 respectively, whereas those of metal - insulator - metal are
in the range of 109 Ω and 105 Ωµm2 respectively. RA product of 300 Ω µm2 has been
measured for CoFeB/MgO/CoFeB MTJs with 1.05 nm MgO thickness [57]. If tip of CAFM
is considered as a second electrode, CoFeB/MgO/tip acts as a nano scale tunnel junction.
In this setup, the measured RA product for 1 nm of MgO is in the range of 105 Ωµm2 due
to additional contact resistance. The R and RA product for most of the hotspots of sample
Ru_0.5 at bias voltage of 10 mV are in the range of 106 Ω and 102 Ωµm2 respectively.
This implies that the conductance is mainly due to metallic contacts. For sample Ru_0.8,
the R and RA product of those hotspots which appear at low a bias voltage are still in the
range of 108 Ω and 104 Ωµm2 respectively. The number of these hotspots is very small at
low bias voltage. This means that most of the conductance is due to a thin insulating layer
between the tip and the bottom electrode, but the presence of low resistance hotspots makes
this barrier imperfect. The conductance in Ru_1.0 is purely due to the tunneling, because the
R and RA product are larger than 1010 Ω and 106 Ωµm2 respectively. The MgO film is thus
already closed and a perfect insulating barrier exists at 1 nm thick MgO film.
The comprehensive analysis of the current map of sample CoFeB_0.6 indicates that al-
though most of the hotspots have a current less than 1 nA, there is a significant number
of hotspots (150/µm2) having a current of more than 1 nA. The R and RA product of these
hotspots are 106Ω (10 mV/2nA) and 102 Ωµm2 respectively. These low resistance hotspots
can thus easily short a 0.6 nm thick MgO film. Most of the conductance in CoFeB_0.8 is due
to tunneling but still, there exist some hotspots (20 /µm2) with current exceeding 300 pA at
10 mV bias voltage. The R and RA product of these hotspots are 107 Ω (10 mV/1.4nA)
and 103 Ωµm2 respectively, which can make the working of the junction device unreli-
able. The MgO film is again completely closed at thickness of 1.0 nm. Only few hotspots
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(4 /µm2) indicated by a high tunneling current of 100 pA at a bias voltage of 20 mV in
CoFeB_1.0. The values of R and RA product of these hotspots are 108 Ω (20 mV/200pA)
and 104 Ωµm2 respectively. The comparison of Ru_ series and CoFeB_ series reveals that
the hotspots density in MgO on polycrystalline Ru film is smaller than that of MgO on an
amorphous CoFeB.
4.7 Effect of Interface Roughness in Resistance of Barrier
The variation of resistances with the thickness of MgO in both series of samples is different.
The background resistances of sample Ru_0.5, Ru_0.8 and Ru_1.0 are 20 MΩ, 117 MΩ and
60 GΩ respectively. For the samples of CoFeB_series the background resistances are 15 MΩ,
31 MΩ and 1 GΩ. This variation may be due to a different growth of MgO on polycrystalline
Ru and on amorphous CoFeB. In order to investigate this assumption, topographic images
have been taken and the rms-roughness was evaluated. The RMS roughness versus thickness
of MgO is shown in Fig. 4.12 for both series. The roughness analysis shows that MgO de-
posited on the amorphous CoFeB is smooth (rms- roughness 0.3 - 0.4 nm) for all thicknesses
but is much larger on polycrystalline Ru in the beginning. The reason of the smooth deposi-
tion of MgO on amorphous CoFeB is the smoothness of CoFeB. There is, however, a large
lattice misfit between the polycrystalline Ru and MgO (a lattice misfit of 11.3% between Ru
(101¯3) and MgO) [91, 92].
4.8 Effect of Air on Hotspot Density
To observe the effects of air on hotspot density, all samples were scanned 5 and 15 minutes
after deposition and the results are presented in Fig. 4.13. A decrease in hotspot density with
time in the barriers has been observed. MgO can readily absorb water from the air because of
its hygroscopic nature. Therefore, for an accurate study of the hotspots, measurements just
after the deposition are very crucial. It was observed that the decrease in the hotspot density
was less in the Ru_ series as compared to the CoFeB_ series i.e., Ru and CoFeB as bottom
electrodes respectively. This may be due to the fact that the uncovered CoFeB sites oxidized
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rapidly when it is kept in air as compared to Ru. Hence, a rapid decrease in conductance
of the MgO film in case of the CoFeB as bottom electrode as compared to Ru as bottom
electrode is expected.
4.9 Conclusion
In conclusion, for the electric characterization of MgO barriers by CAFM in ambient en-
vironment, a tip - sample force of 3.5 × 10−7 N was required to achieve electrical contact
between tip and the MgO surface. Our results showed that at a thickness of 0.6 nm MgO, the
barrier was incomplete because a large number of pinholes or hotspots existed in the barrier.
The barrier starts completing around a thickness of 0.8 nm. The density of hotspots is much
smaller in the case of 0.8 nm thick barrier as compared to 0.6 nm thick barrier. However,
at this density of hotspots it is not possible to use the barrier for a quality devices because
even a single hotspot can short the tunneling current and deteriorate the performance of the
MTJs. The barrier with thickness of 1 nm was approximately free from hotspots. A complete
insulating MgO barrier has been established at a thickness of 1 nm for both Ru and CoFeB
bottom electrodes. A comparison of the resistance of the CoFeB_series and the Ru_series
showed that the resistance for the CoFeB_series is smaller by a factor of 60 at a 1 nm thick
MgO barrier. The reason of this large difference is due to the deposition of MgO on amor-
phous CoFeB and polycrystalline Ru. MgO grows much more continuously on CoFeB for
all thicknesses but shows a rough growth on polycrystalline Ru in the beginning.
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Chapter 5
Discontinuous Multilayers of
CoFeB/MgO
The conductance analysis of MgO tunnel barriers with the help of a CAFM using different
metallic sub-layers concluded that the MgO tunnel barrier with a thickness less than 1 nm is
discontinuous. This conclusion provides a favorable ground to construct disordered (granu-
lar) system of CoFeB/MgO by sequential sputtering of MgO and CoFeB. This system is very
helpful to study the spin dependent transport in CoFeB granules through the MgO barrier.
In this study the thicknesses of CoFeB and MgO layers will be optimized for a disordered
system to show maximum granular- (g-)TMR ratio. The results of disordered system will
be compared with their structure. The role of the MgO barrier and the possible coherent
transport in disordered system will be discussed.
5.1 Granular System
The granular systems of this thesis consist of magnetic particles embedded in immiscible
non-metallic (insulator) matrix with a size distributed from a few nanometers to tens of
nanometers. The material of the matrix helps the magnetic granules to be magnetically sepa-
rated from each other to avoid the metallic percolation and to protect them from environmen-
tal degradation (e.g. oxidation) [44]. The key features of these materials are a large number
of degrees of freedom like particle size, shape and size distribution, volume fraction of metal
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and the nature of the interface between the metal-insulator and film thickness. To achieve
the required properties, these degrees of freedom can be controlled during the sample prepa-
ration and post fabrication processes. Because of the unique microstructures of the magnetic
granules, these materials exhibit some physical properties which bulk materials cannot dis-
play. For example, the magnetoresistance effect originates from the spin dependent tunneling
of electrons between the granules, superparamagnetism and enhanced coercivity can be un-
derstood in uncorrelated and randomly oriented nano-scale magnetic granules. Furthermore,
the granular systems show a rich variety of hybrid physical properties which are determined
by the chemical composition and microstructures of the constituent elements. For example,
Ag-Al2O3 and Ni-Al2O3 show high optical reflectivity and magnetic properties of Ag and Ni
in combination with the mechanical hardness of Al2O3 [93].
The important point to keep in mind in the selection of components for granular system
is their immiscible nature, because otherwise a homogeneous alloy would be formed. The
recent development in film fabrication technology has made it easy to prepare different kinds
of granular systems. The most commonly used techniques are sol gel, solid state reaction,
pulsed laser ablation, co-sputtering and sequential sputtering.
Granular materials have been extensively studied because they have industrial applica-
tion, are easy to fabricate and stable both chemically and electrically [94]. The phenomenon
of spin polarized tunneling in these materials make them usable in magnetic sensors. Further-
more, their ability to store electrical charge for a long retention time makes these materials
suitable for building nonvolatile memory devices [95]. In most of the granular systems the
ferromagnetic granules are usually crystalline. Due to high crystalline anisotropy energy
of these granules a large magnetic field is required to reach the parallel orientation of all
magnetizations and a reasonable g-TMR effect. The crystalline anisotropy energy is, how-
ever, absent in case of amorphous granules and therefore the required field for the parallel
orientation of their magnetic moments should be reduced.
Th CoFeB/MgO system has been found to be a proper candidate granular system to
study the origin of the g-TMR and to examine the temperature dependence of the resistivity
and the g-TMR near the percolation threshold. The reasons are: its amorphous nature, the
low anisotropy energy and the magnetic softness of CoFeB granules and possibly coherent
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electron tunneling through an MgO barrier [96, 46, 70].
The maximum value of the g-TMR determined at room temperature in some granular
systems, their structure and their saturation fields are shown in the following table.
System Structure MR ratio Saturation Field(kOe) Reference
Co-Al2O3 Crystalline 8% 10/12 [97]
Co-SiO2 Crystalline 4% 10 [98]
Fe-SiO2 Crystalline 4% 15 [99]
Fe-MgF2 Crystalline 3.5% 10 [100]
CoFeB-SiO2 Amorphous 3.4% 15 [101]
Co-AlN Amorphous 4.6% 10 [102]
CoFeB-MgO Amorphous 5.9% 3 This thesis
The saturation field in all samples listed in the above table except our sample is 10 or
more than 10 kOe which is very large for read head. In case of our sample the saturation
field is 3 to 5 times less than that of the other systems of this kind. This low saturation field
is helpful for application purposes.
5.2 Influence of CoFeB Layers Thickness on Electric and
Magnetotransport Properties
The layer thicknesses of magnetic and non magnetic materials strongly influence the trans-
port properties of discontinuous films. The size of clusters of the magnetic material and the
distance between them can be controlled by varying the thicknesses of the layers. In the
following section we will discuss the effect of the CoFeB layers thickness in discontinuous
multilayers of CoFeB/MgO.
5.2.1 Sample Preparation
Granular samples are prepared by subsequent deposition of nine bilayers of CoFeB and MgO
by DC and RF magnetron sputtering respectively. As a seed layer a 1.5 nm thick MgO layer
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on a thermally oxidized silicon wafer is used. Furthermore, a cap layer is also added to avoid
the oxidation of CoFeB. This study was performed to investigate the influence of the CoFeB
layers thickness on the electrical transport and on the magnetoresistance. The samples pre-
pared for this study are labeled as S1 to S6 corresponding to the CoFeB layers thickness
ranging from 0.5 nm to 1.0 nm in 0.1 nm steps. Fig. 5.1 gives a schematic representation of
the sample S3. For transport properties measurements, samples are prepared in a rectangular
shape of 2 mm × 15 mm using a mask. In this case four parallel gold stripes are sputtered
on the sample surface and used as electrodes. For AGM meaurements the samples, are in
the shape of a sheet of 4 mm × 4 mm and for XRR measurements, the sample are also in
the form of sheets of 10 mm × 10 mm. For TEM measurements the samples are further
processed by a Focused Ion Beam (FIB) with mechanical thinning and Gallium milling with
a final beam voltage of 2 kV to 5 kV.
5.2.2 Structural Characterization
A granular system prepared by discontinuous metal and insulator layers is formed at the early
stage of the film growth of CoFeB. The surface energy of the metal is always higher than
that of insulators. Therefore, metallic CoFeB splits into nano sized granules in the begining
when deposited on the MgO seed layer. By further deposition, these granules join to form
a complete layer. When MgO is deposited on the CoFeB clusters, it fills the space between
and above the clusters. The repetition of CoFeB and MgO layers form a granular system in
which CoFeB granules are separated by the MgO matrix. The clusters of CoFeB dispersed in
MgO matrix are shown schematically in Fig. 5.2. The structural properties of this granular
system is investigated by HRTEM and XRR. The maximum g-TMR value in nine bilayers
of CoFeB and MgO system is obtained when the thickness of each layer of CoFeB and MgO
is 0.7 nm (referred as sample S3). Therefore, the structural properties of only this sample are
discussed here.
The HRTEM cross sectional image of the sample S3 in the as prepared state is shown in
Fig. 5.3. Directly on top of the amorphous layer of SiO2 a seed layer of crystalline MgO
appears. A granular system of CoFeB/MgO with small crystallites inside the multilayers can
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Fig. 5.1: Schematic representation of a multilayers stack of CoFeB/MgO for dMgO = 0.7nm.
MgO CoFeB
Fig. 5.2: Schematic representation of CoFeB granules dispersed in an MgO matrix.
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Fig. 5.3: Cross sectional HRTEM image of the as prepared CoFeB/MgO sample. Bottom is SiO2 and
the top is covered by a Pt:C granular film.
be identified. On top, the Pt:C granular film appears which was used to cover the sample in
order to process the sample by Focused Ion Beam for the HRTEM characterization.
CoFeB grains with average grain size of 2-3 nm are randomly dispersed in the MgO
matrix. The interface between CoFeB and MgO is not clearly visible in the as prepared state
and the grains are irregular in shape. The film thickness is approximately 16.1 ± 1.7 nm
which is nearly equal to the deposited thickness i.e., 14.9 nm.
Fig. 5.4 shows a HRTEM image of the same sample when annealed at 250◦ C for 1 hour
in vacuum. The annealed sample appears similar as the sample in the as prepared state except
a better contrast of the CoFeB grains and the MgO matrix. Some small granules merge with
each other to form larger grains (see fig. 5.4). This reduces the bridging between grains and
make them more spherical in shape.
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Fig. 5.4: Cross sectional HRTEM image of CoFeB/MgO sample annealed at 250◦ C. Bottom is SiO2
and the top is covered by a Pt:C granular film.
The X-ray reflectometry analysis used to calculate the film thickness, bilayer thickness
and interface roughness of the sample is shown in Fig. 5.5. This is done by analyzing the
Kiessig fringes and Bragg peaks. Due to discontinuous structure, an analysis of the interface
roughness was not possible here. The film thickness can be determined using the relation
d ≈ λ
2∆Kiessig
(5.2.1)
by measuring the distance between adjacent interference maxima ∆Kiessig [103]. For an
accurate calculation of the film thickness the WinGixa programme is used. From the XRR
scan the film thickness of the as prepared sample is estimated as 15.145 ± 0.01 nm which is
near to the deposited value i.e., 14.9 nm. The film thickness of the annealed sample is the
same as that of as prepared sample. The only difference is the shape of the Kiessig fringes
which is attributed to the size and shape of the granules.
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Fig. 5.5: XRR scans of the as prepared sample and a sample annealed at 250◦ C for dMgO = 0.7nm.
5.2.3 Magnetic Properties
Information about the magnetic properties and the magnetic size of the granules in sample
S3 can be extracted from the magnetization measurements. These measurements were per-
formed in a superconducting quantum interference device (SQUID) at temperatures between
350 K and 5 K. Fig. 5.6 shows a magnetization loop of sample S3 at room temperature. The
magnetization curve shows no hysteresis and follows the Langvin function of the form
M
Ms
= coth
(
µH
kBT
)
− kBT
µH
(5.2.2)
Where Ms is the saturation magnetization, µ the magnetic moment of the unit magnetic
granule, T the temperature and kB the Boltzmann constant. The saturation magnetization Ms
and the magnetic moment µ of the sample S3 is 1070 emu/cm3 and 10855 µB respectively.
To calculate the magnetic size of the CoFeB granules the magnetic moment of CoFeB is
taken as the average of the magnetic moments of Co and Fe i.e., (1.92 + 2.2)µB /2. The
calculation gives a magnetic radius of 3.6 nm of the granules which is nealy double to the
magnetic size measured by HRTEM images (2-3 nm).
Low field magnetization measurements were done for sample S3 by SQUID magnetome-
ter after the sample was cooled from 350 K to 5 K either in zero field (ZFC) or in 10 Oe (FC).
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Fig. 5.6: Magnetization curve of sample S3 after annealing at 250◦ C. Red markers show the experi-
mental curve and the solid black line indicates the curve calculated by the Langvin function
given by Eq. 5.2.2
For both cases the moment was recorded during the heating of the sample ( from 5 K to 350
K). Fig. 5.7 shows the ZFC and FC magnetization curves of discontinuous multilayers of
sample S3 measured in 10 Oe. The ZFC-magnetization increases by increasing temperature
between 70 K and 120 K. Below 70 K the magnetization of most of the granules remains
blocked. Above 70 K the progressive unblocking of the moments occurres as a result of the
distribution in size and shape of the magnetic CoFeB granules. The smaller units become su-
perparamagnetic at lower temperature than the larger units. The blocking temperature TB ≈
130 K in ZFC-FC data corresponds to the temperature at which the largest unit becomes
superparamagnetic. It should be noted that the FC curve does not become completely flat
at low temperature, instead it shows a continuous change in magnetization below TB . This
behavior is in contrast to the one observed in Co-SiO2 in granular films, CoFe-Ag metallic
alloy and Co/SiO2 discontinuous layers [104, 105, 106, 94]. This feature indicates the weak
magnetic interaction between the magnetic granules and there is no diffusion of granules
into the matrix material (immisible nature). Another important feature of the ZFC curve is
the presence of a plateau representing the residual moment even at very low temperature.
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Fig. 5.7: Temperature dependence of the FC and ZFC magnetization of sample S3. The magnetiza-
tion was recorded at 10 Oe.
Normally, for granular systems the moment should approach zero because of the freezing of
disordered spins at low temperature. The observed residual moment may arise because of
unfrozen spins of Co and Fe in the magnetic granules.
5.2.4 Transport Measurements
Fig. 5.8 shows the dependence of the resistivity and the g-TMR value on the varying thick-
ness of the CoFeB layers for constant thickness of MgO at room temperature. The resistivity
decreases strongly with the increase of the CoFeB layers thickness as expected for perco-
lating network of CoFeB [107]. A crossover from a granular to continuous CoFeB films is
observed. This is supported by appearence of Brag peak in XRR scan.
The g-TMR value recorded for samples S1 to S6 are -2.6%, -3.9%, -4.6%, -2.41%, 0%
and 0.08% respectively. The g-TMR magnitude first increases to a maximum of 4.6% and
then decreases. The same results have been observed by X. Batlle et. al., in film where Co
particles are dispressed in a matrix of Zr2 O3 [108]. The small g-TMR values for samples S1
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Fig. 5.8: Dependence of the g-TMR and the resistivity on the thickness of the CoFeB layers for
dMgO = 0.7nm.
and S2 are due to the fact that the thin CoFeB films leads to a low spin dependent tunneling
rate. For thicker CoFeB films (S4 and S5) the tunneling rate is strongly reduced due to the
increasing continuity in the CoFeB network.
Fig. 5.9 shows the magnetoresistance versus magnetic field of all samples at room tem-
perature. The g-TMR and magnetic field for samples S1 to S5 are drawn along the left and
bottom axes respectively. The magnetoresistance and magnetic field for sample S6 are drawn
along the right and top axes respectively. A crossover is observed in sample S6 where the
magnetoresistance changes its sign as shown in Fig. 5.9. The origin of this magnetoresis-
tance is different from the rest of the samples. The magnetoresistance in samples S1 to S5 is
due to the spin dependent tunneling of electrons between the granules of CoFeB. But in sam-
ple S6 the granules are joined up to form a complete films of CoFeB, therefore, the tunneling
is not the dominant transport mechanism. The magnetoresistance in this sample is due to the
spin orbit interaction of electron which is anisotropic magnetoresistance.
To understand the temperature dependence of the electron transport in this granular sys-
tem, the electrical resistivity of samples S1 − S5 were measured between 15 K and 330 K.
These results are shown in Fig. 5.10 and Fig. 5.11. All samples show a nearly exponential
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Fig. 5.9: g-TMR versus magnetic field of samples S1 to S5 (left and bottom axes) and AMR versus
magnetic field for sample S6 (right and top axes) at room temperature.
increase of the resistivity by decreasing temperature, which is a common feature of granular
systems [109].
Sample Resistivity at 330 K (ρ330) Resistivity at 15 K (ρ15) ρ15/ρ330
S1 4.2624×106µΩ -cm 1.9179×109µΩ -cm 449.95
S2 1.7564×106µΩ -cm 9.4594×107µΩ -cm 53.85
S3 1.0482×106µΩ -cm 2.3335×106µΩ -cm 22.26
S4 548322µΩ -cm 4.1944×106µΩ -cm 7.64
S5 8192.75µΩ -cm 8833.67µΩ -cm 1.07
The ratio ρ15/ρ330 represents the temperature dependence of the corresponding sample. The
sample S1 shows a strong temperature dependence of the resistivity over the entire range
of temprature as shown in Fig. 5.10. The ratio of the resistivity at 15 K to the resistivity
at 330 K i.e., ρ15/ρ330 is (449.95) nearly three order of magnitude. Therefore the sample
S1 shows a strongly localized behavior. The sample S2, S3 and S4 show a progressively
decreasing localized behavior as the resistivity increases with the decrease of temperature
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Fig. 5.10: The temperature dependence of the resistivity of samples S1 to S4 between 330 K and 15
K.
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Fig. 5.11: The resistivity ρ(T ) of sample S5 as a function of Log(T/K).
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but the increase is not as prominent as for S1. The ratios ρ15/ρ330 for samples S2, S3 and
S4 are 53.85, 22.26 and 7.64 respectively. The ratio ρ15/ρ330 for S5 is 1.07 which shows a
very small dependence of the resistivity on temperature. When the metal concentration is
high, the transport of charge mainly takes place through the conduction bands of CoFeB.
Such behavior can be seen in Fig. 5.11, where the resistivity ρ(T ) is plotted as a function
of log(T/K). The linear dependence in this plot shows, that the increase of ρ(T ) is rather
logarithmic than exponential, indicating that this system is not in the localized regime of
conduction.
In conclusion, all samples show negative coefficients of resistivity i.e., the resistivity
increases with decreasing of temperature. However, the dependence of the resistivity on
the temperature decreases with increasing the layer thickness of CoFeB. Finally, when the
concentration of CoFeB granules is high, they overlap each other and lose their localized
character. Therefore, the transport of charge takes place through the conduction band of
CoFeB.
The temperature dependence of the resistivity of a granular system follows a general
relationship over a wide range of temperature:
ρ = ρoxexp
(
Tox
T
)1/n
(5.2.3)
The exponent n has values 1, 4 and 2 for an Arrhenius Law of nearest neighbor hop-
ping (NNH), Mott hopping (MH) and Efros Shklovskii (ES)’ Law of variable range hopping
(VRH) respectively. ρox is a pre-exponential factor whose value is different for different
kinds of hopping mechanisms and Tox = TOA, TOM and TES correspond to different trans-
port phenomena. At low concentration, the CoFeB granules are well separated from each
other so that they become localized. Transport of charge takes place by hopping of electrons
from occupied to unoccupied localized states. Such hopping processes in connection with
doped semiconductors has been suggested in many references [110, 111]. This hopping pro-
cess is temperature dependent. At high temperature the transport is carried out by hopping to
the nearest sites which obeys an Arrhenius Law [112]. As temperature decreases a crossover
from Arrhenius to Mott’s law is observed in all samples except S5 [50, 113]. The crossover
temperature is around 200 K. Below this temperature, it is more favorable for electrons to
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hop beyond nearest sites. By further decrease of the temperature the resistivity starts deviat-
ing from Mott’s Law at around 60 K. This is the onset of another type of hopping mechanism
which is governed by ES, Law of VRH (n = 1/2). This law assumes that the density of state
near the Fermi level shows a Coulomb gap.
The values of the pre-exponential factors ρox and coefficients Tox coressponding to dif-
ferent tunneling laws for samples S1 to S4 can be calculated by fitting the curves (The curves
are shown in Fig. 5.12 and 5.13) for different temperature regions. They are shown in the
following table.
Sample TOA (K) ρA µΩ -cm TOM (K) ρMµΩ -cm TES(K) ρES µΩ -cm
S1 438.86 1.15×106 315495 18896 420.25 7.378×106
S2 364.86 5.889×105 65585 47388 153.9 3.86 ×106
S3 317.93 4.085×105 25445 62097 106.56 1.703×106
S4 305.51 2.177×105 7619 72923 32 9.41 ×105
The g-TMR dependence on temperature was already shown in Fig. 5.9. The g-TMR is
zero at room temperature for sample S5 and remains the same even at 15 K. For sample S4,
the g-TMR value is 2.2% at room temperature and slightly increases at lower temperature. In
samples with CoFeB layer thickness 0.7 nm and less (sample S3 to S1), the CoFeB granules
are as much separated from each other that they form a network of nanometer sized tunnel
junctions through the surrounding MgO matrix. At low temperature a remarkable increase in
g-TMR is observed which is due to higher order tunneling of electrons between the CoFeB
granules [114]. This will be explained in section 5.4
5.3 Influence of the MgO Layer Thickness on Electric and
Magnetotransport Properties
5.3.1 Sample Preparation
The samples were prepared by the same procedure as described in section ??. The only
difference in these samples is that the thickness of MgO layers is changed and CoFeB layers
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Fig. 5.12: Dependence of the resitivity on T−1 of samples S1 and S2 along with the fitting curves of
the tunneling laws in different temperature regions.
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Fig. 5.14: Dependence of the resistivity and g-TMR versus thickness of MgO at room temperature
for dCoFeB = 0.7nm
thicknesses are kept constant at 0.7 nm. The samples are labeled as MgO6, MgO7 and MgO8
corresponding to MgO layers thickness of 0.6 nm, 0.7 nm and 0.8 nm, respectively.
5.3.2 Results and Discussion
The resistivity of the samples MgO6, MgO7 and MgO8 is measured by applying a bias volt-
age of 100 mV at room temperature using a four point contact technique. The values of
the resistivity of these samples at room temperature are 2.8932×105µΩ -cm, 1.1889×106µΩ
-cm and 4.5812×106µΩ -cm respectively. The magnetoresistance of these samples was also
measured by applying a magnetic field of± 1770 Oe in plane of the film. The magnetic field
and current are parallel and in the film plane. The g-TMR values of MgO6, MgO7 and MgO8
are 3.2%, 4.6% and 1.2% respectively. The results are shown in the Fig. 5.14.
The increase in resistivity with increasing MgO thickness is due to the fact that transport
is dominated by the activated tunneling of electrons between the CoFeB granules through
an MgO barrier, where the barrier gets thicker with increasing MgO thickness. Note that
this increase in resistivity is not as pronounced as with decreasing CoFeB thickness (Fig.
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Fig. 5.15: The g-TMR versus magnetic field for samples MgO6, MgO7 and MgO8 at room tempera-
ture
5.8). The size of the granules is expected to be same in all three samples because the layers
thickness of CoFeB are same for all samples. However, the separation at least in one direction
between the CoFeB granules is different for different thickness of MgO layers. Therefore,
the tunneling resistance for thinner MgO barrier is smaller than that of thicker MgO barrier.
The g-TMR value first increases with the thickness of MgO and reaches its maximum
value of 4.6 % at dMgO = 0.7nm and then decreases for further increasing thickness of MgO.
Although no saturation was reached , this tendency seems to be clear from Fig. 5.15. This
change in g-TMR with the thickness of MgO is due to the fact that the hopping of charges
between the granules in sample MgO8 is through a thick tunnel barrier and in sample MgO6
is small because the number of tunneling events are reduced [115]. The shapes of mag-
netoresistance curves shown in Fig.5.15 are also very interesting. The magnetoresistance
is highly field sensitive around zero field for the MgO7 sample. The sensitivity decreases
with increasing thickness of MgO. This can be explained as follow: one of the necessary
conditions to observe a maximum g-TMR in ferromagnetic-insulator granular films is the
superparamagnetic nature of the magnetic granules at room temperature [116]. The size of
the magnetic granules and the distance between them both play an important role in the oc-
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Fig. 5.16: The tempeature dependent g-TMR for samples MgO6, MgO7 and MgO8. The different
regions (1) - (3) are discussed in the text.
currence of superparamagnetism [109]. The distance between the magnetic granules should
be such that the interactions between their magnetic moments become negligible. In the
MgO8 sample the CoFeB magnetic granules are more separated and the interaction between
them is negligibly small, therefore, a larger field is required to align them in parallel.
The temperature dependence of the resistivity and the g-TMR of samples MgO6, MgO7
and MgO8 were also measured between 330 K and 15 K. All samples show an exponential
increase in the resistivity with temperature which is a common feature of granular systems
[109]. The results are shown in the Fig. 5.16 and Fig. 5.17. The values of resistivities at 330
K and 15 K and their ratios for samples MgO6, MgO7 and MgO8 are given in table below
Sample Resistivity at 330 K Resistivity at 15 K ρ15/ρ330
MgO8 3.7983×106µΩ -cm 2.09194×1010µΩ -cm 5514
MgO7 1.0482×106µΩ -cm 2.3335×106µΩ -cm 22.26
MgO6 2.2992×105µΩ -cm 3.36169×106µΩ -cm 14.62
At the room temperature the maximum g-TMR is achieved for sample MgO7. The g-TMR of
MgO8, however, incereases sharply with decreasing of temperature. There are three promi-
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Fig. 5.17: The temperature dependence of the resistivity of samples MgO6, MgO7 and MgO8 be-
tween 330K and 15 K
nent regions in the graph for MgO7. At high temperature (1) the g-TMR is slightly tempera-
ture dependent, at intermediate temperature (2) it remains the same between 220K and 70K
and for low temperature (3) it is strongly temeperature dependent. The sample MgO6 shows
a simillar but smaller temperature dependence as that of MgO7 nearly for the whole range
of temperature. We will discuss the temperature dependence of the g-TMR in the light of
references of many models proposed for the electron transport in granular films in the next
section. The values of the pre exponential factors ρox and coefficients Tox corressponding
to different tunneling laws for different samples can be calculated by fitting the curves for
different temperature regions. The results are shown in the following table.
Sample TOA (K) ρA µΩ-cm TOM (K) ρM µΩ -cm TES(K) ρES µΩ -cm
MgO8 —– —– 581540 6723.2 1100 1.9492×106
MgO7 317.93 4.085×105 25445 62097 106.56 1.703×106
MgO6 760.95 2.3013×104 111.3 26135 53.79 4.5647 ×105
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Fig. 5.18: Dependence of resitivity on T−1 for samples MgO6, MgO7 and MgO8 along with the
fitting curves of tunneling laws in different temperature regions.
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5.4 Higher Order Tunneling at Low Temperature
At low temperature, a remarkable increase in g-TMR has been observed in all these samples,
which is explained as follows: According to B. Abeles et. al., at low temperature the con-
ductivity of a non-magnetic granular system depends on the temperature as ρ ∝ exp ( 1
T
)1/2
[109]. This explanation was based on the assumptions that the granules are equal in size d
and separated by a barrier thickness s and the ratio s/d for a given metal -insulator composi-
tion remains constant. Afterward, J. Inoue et. al., extended this model to magnetic granular
systems including the effect of spin dependent tunneling of electrons among the granules
and yielding the magnetoresistance as:
∆ρ
ρ
=
(
P 2
1 + P 2
)
(5.4.1)
where P is spin polarization [117]. These models were based on the assumption that the
tunneling was only possible between granules of the same size. However, the broad distri-
bution of granular sizes is inevitable in granular systems. Mitani et.al, and Zhu et.al, studied
Co-AlOx and Fe-AlOx granular films and measured the temperature dependent resistivity
and magnetoresistance [114, 118, 119]. They found that the resistivity and the magnetore-
sistance are both temperature dependent and introduced the idea of higher order tunneling.
The large grains are well separated from each other and there may be small granules in be-
tween them. In "ordinary" tunneling electrons tunnel from large granules to small ones which
are nearest to them; at low temperature however, the tunneling is governed by higher order
processes. This higher order tunneling process has been schematically represented in Fig.
5.19. During this process, an electron is transferred from a large charged granule to another
large neutral granule through the small granules in between them. Using this concept Mitani
et. al., derived
∆ρ
ρ
= 1− (1 +m2P 2)−(n∗+1) (5.4.2)
with n∗ = (〈Ec〉 /8κ˜ 〈s〉T )1/2 and κ˜ = κ+(1/4 〈s〉) ln
[
(g/π)2 + (〈Ec〉 /2πT )2
]
. Where
m = M
Ms
is the magnetization normalized to the saturation magnetization, κ is the tunneling
parameter related to the barrier height (κ = 2m∗ϕ
~
, m∗ is the effective mass of electron, ϕ is
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Fig. 5.19: Schematic representation of a higher order tunneling process in which an electron trans-
ferred from a large charged granule to another large neutral granule through small granules
in between them [114].
the barrier height and ~ is the Plank’s constant), 〈Ec〉 is the average charging energy 〈s〉 is
the average grain spacing and g is the temperature dependent factor arising from the electron
and hole excitation in the energy interval of πT around the Fermi level [120]. When the spin
polarization is very small then the above equation reduces to
∆ρ
ρ
= m2P 2
(
1 +
√
C/T
)
(5.4.3)
Where C = 〈EC〉 /8κ˜ 〈s〉 and P and C are used as fit parameters. Our experimental result
for sample S3 fits well to the equation 5.4.3 as shown in Fig. 5.20. The resulting value of
the spin polarization is 19% which is small as compared to the recently reported value for
CoFeB i.e. 53% [121]. The reason for this difference may be due to the fact that in our case
the barrier between the two granules is not uniform and the sample has not been annealed to
the crystallization temperature of CoFeB. Furthermore our sample is a complicated structure
of a large number of tunnel junctions and the result reflects the average of all the junctions
in the network.
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Fig. 5.20: Temperature dependence of the g-TMR of sample S3. Markers belong to the experimental
data and the solid line is a fit of equation 5.4.3.
5.5 Coulomb Gap
The crossover from Mott-type to ES-type hopping suggests a coulomb gap in this material.
Therefore, tried to measure the coulomb gap energy in this multilayer system. Different
samples were cooled to a temperature lower than 4.2 K where a considerable increase in
resistance has been observed. The value of this resistance was more than the upper limit
of Keithly 2000 multimeter (106 MΩ). However, the sample MgO6 when cooled to 1.25K
in a 4He cryostat showed some promising results. Fig. 5.21 shows the I-V curve and the
conductance dI/dV at this temperature. The full width at half maximum corresponding to
the gap energy ( ∆V1/2) is found to be 10 meV. In VRH, some of the localized states around
the Fermi level are involved in the hopping process; these states are called optimal bands.
The full width energy of these bands is given by the relation Ec = ξc × T where ξc is called
the critical parameter which can be calculated by the equation 5.5.1 using experimental data
[122]
ξc =
√
TES
T
= ln
(
RT
Ro
)
(5.5.1)
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Fig. 5.21: dI/dV versus V and I versus V curve of sample S3 at 1.25 K.
At T = 1.25K and with TES = 53.79K, we get ξc = 6.56 and therefore Ec = 8.2K =
0.707meV . This satisfies the condition for ES law i.e., Ec << ∆V1/2. The crossover tem-
perature T ∗ is given by the relation
T ∗ =
1
T
(
∆V1/2
2kB
)2
(5.5.2)
which gives T ∗ = 63.5 K. Within the accuracy of the fitting, this theoretical value agrees
to our experimental value Texpt. = 60K.
5.6 Effect of Annealing
5.6.1 Effect of Long Duration Annealing
To investigate the effect of long duration annealing at a constant temperature, the sample S3
was annealed in a vacuum furnace at a pressure of 2×10−7 mbar at 250◦ C in four steps. The
duration of each annealing step was 5 hours. Fig. 5.22 shows the variation of the resistivity
and the g- TMR after each annealing step. Both the resistivity and the g-TMR ratio increased
first and reached maximum values up to 2.22× 106µΩ -cm and 5.9% respectively.
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Fig. 5.22: The resistivity and g-TMR of sample S3 after 5 hours, 10 hours, 15 hours and 20 hours of
annealing at constant temperature of 250o C.
After deposition, the films are under residual stress and there are bridges among the
neighboring granules, which decrease the resistivity and the g-TMR value. The annealing is
used to relieve the residual stress and it reduces the bridging among neighboring granules by
sharpening the interface between granules and insulating matrix [94]. The magnetic granules
become well separated from each other and their size increases which results in a decrease of
the charging energy Ec. In accordance to this, it was observed that the increase in resistivity
and g-TMR at low temperature were more prominent in annealed sample as compared to as
prepared sample.
5.6.2 Effect of High Temperature Annealing
In order to study the effect of high temperature annealing the sample S3 was annealed at 300◦
C. The structural and magnetic properties were studied by XRR scans, TEM and magnetiza-
tion measurements at room temperature. The electrical and electromagnetic properties were
also studied. The XRR scans of as prepared and of samples annealed at 300 ◦ C are shown
in Fig. 5.23. The film thickness of the as prepared sample is 15.145 nm which increases to
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Fig. 5.23: The XRR scans of as prepared sample and sample annealed at 300◦ C.
15.564 nm on annealing at 300◦ C. This is attributed to an increase in size and crystallization
of CoFeB granules. The increase in magnitude of Kiessig fringes is due to increase in inter-
face and surface roughness [103]. TEM and diffraction images of sample S3 annealed up to
300◦ C are shown in Fig. 5.24. The CoFe granules appear to be completely crystalline. The
different lattice contrast is the result of different tilts of single granules. Diffraction image
belongs to a large area beginning from the Si substrate into the carbon glue. Such a large area
is the limit of the smallest available Selected Area Diffraction (SAD)-aperture of the TEM.
The diffraction pattern is not very clear due to this large SAD-aperture. The prominent black
diffraction spots (circled in Fig. 5.24 b) belong to Si substrate and the small scattered spots
belong to granules tilted in different directions.
The magnetization versus magnetic field curves of sample S3 in as prepared state and
annealed state at 300◦ C are shown in Fig. 5.25. The saturation magnetization Ms (1125
emu/cm3) decreases a little ( 1070 emu/cm3) when annealed at 250◦ C but increases con-
siderably (1600 emu/cm3) on annealing at 300◦ C. This behavior is contrary to the many
granular thin films where Ms decreases due to occurence of interdiffusion during annealing
[123]. The possible reason of this unusual increase upon annealing at 300◦ C might be the
diffusion of boron atoms away from CoFeB. This decreases the magnetic impurities and thus
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Fig. 5.24: Cross sectional HRTEM image of CoFeB/MgO sample annealed at 300 ◦ C (a) and diffrac-
tion image (b) begining from Si into the Carbon glue. The circled diffraction spots belong
to the Si substrate.
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Fig. 5.25: Magnetization loop of the as prepared sample and the same sample annealed at 300◦ C.
inreases the magnetic moment. The rigid bond model suggests that the moment of transition
metals like Co and Fe increases on decreasing metalloid (boron) concentration [124].
The g-TMR ratio of sample S3 first increases with increase of the annealing temperature
and reaches a maximum value of 4.95% at 275◦ C. A rapid decrease in g-TMR has been
observed with further increase of temperature in all samples. But the resistivity continuously
increases with the increase of temperature. The results are shown in Fig. 5.26. The increase
in resistivity and decrease in g-TMR above 275◦ C is due to the crystallization of CoFeB
granules. To achieve a high TMR value on crystallization of CoFeB granules due to coher-
ent tunneling highly oriented (001) MgO barrier/CoFeB crystalline electrodes are required
[125]. However, in our case the granules are tilted in different lattice direction which has
been observed in differaction images shown in Fig. 5.24. Therefore, coherent tunneling
between CoFeB granules through the MgO barrier has not been observed in our samples.
5.7 Conclusion
In conclusion, granular films of CoFeB and MgO were prepared by sequential deposition
of MgO and CoFeB layers in the form of discontinuous multilayer. XRR and TEM mea-
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Fig. 5.26: The resistivity and g-TMR of sample S3 annealed at different temperature.
surements showed the granular nature of the samples with 2-3 nanometer sized granules of
CoFeB dispersed in the MgO matrix. Resistivity and magnetoresistance measurements car-
ried out by four probe technique showed that the magnetoresistance diminished for very low
and high CoFeB concentration and changed to mettalic AMR when metallic percolation of
CoFeB was reached. The CoFeB and MgO layers thicknesses were optimized to achieve
maximum g-TMR value.
AGM and SQUID magnetometers were used to investigate the magnetization of the sam-
ples. The measurements demonstrated the superparamagnetic nature of the magnetic entities
at room temperature. FC-ZFC measurements showed a reversible magnetic behavior near
the percolation threshold below room temperature. This means that a phase transition from
ferromagnetism to superparamagnetism was observed around a temperature of 130 K.
A well annealed sample at 250◦ C near the percolation threshold showed both enhanced
g-TMR value and resistivity at all temperatures which was due to the improvement of the mi-
crostructures by annealing. However, a decrease in g-TMR value was observed by annealing
to 300◦ C which was associated to the crystallization of CoFeB granules tilted in different
lattice orientations.
An exponential increase in the resistivity with decreasing temperature observed in this
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system followed the tunneling laws of nearest neighbor hopping, Mott hopping and Efros-
Shklovskii variable range hopping. The three temperature regions were prominent near the
percolation threshold and therefore tunneling of the electrons followed different transport
mechanism in different temperature regions. A sharp increase of the g-TMR observed at low
temperature was attributed to the higher order tunneling of electrons between large granules
of CoFeB via small granules situated in between them. The Coulomb gap energy was mea-
sured by cooling the sample below 4.2 K in He cryostat. The onset temperature of Efros
Shklovskii region was calculated which agreed with our measured temperature.
Chapter 6
Summery and Outlook
Magnesium oxide is extensively used as barrier material in MTJs after the discovery that
an MTJ with a highly -(001) oriented MgO barrier produces ultrahigh TMR values. Many
thousands % have been predicted in MTJs with MgO. However, 500% TMR value has been
achieved experimentally. Thus the difference in theory and experiment is very high. The
main source of this difference is the tunneling through the barrier material. Large changes
in electron transmission occur due to defects with localized electron states, fluctuation in
thickness and pinholes in the barrier layer. All these defects are buried inside very thin MTJ
layers so it is difficult to investigate them with usual techniques. CAFM technique has been
used to investigate the MgO barrier in this thesis.
At the first stage of this work MgO barriers using Ru bottom electrode have been investi-
gated by CAFM. Different imaging parameters like contact resistance, contact area, imaging
force and bias voltage were optimized for this barrier. Using these optimized parameters, the
electrical integrity of the MgO barrier in MTJs was studied. For this purpose half finished
MTJs were used. Different thicknesses of MgO were studied and results of their resistances
(R) and resistance Area product (R × A) were compared with CAFM measurements.The
growth of the barrier on polycrystalline Ru and amorphous CoFeB was also a part of this
study. A statistical model proposed by F. Bardou for the study of the tunneling transmission
variations due to inhomogeneity of a barrier was used to quantify the quality of the barrier.
A homogeneous and electrically high quality barrier was achieved at a thickness of 1 nm.
Local tunneling spectroscopy of ultra thin MgO barrier with the help of an improved
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CAFM will be an interesting technique for the future studies. This can be applied to inves-
tigate local electrical properties such as local dielectric breakdown voltage, time dependent
dielectric breakdown, carrier transport and interface states. The dielectric degradation pro-
cess can also be investigated by studying I-V characteristics. This will help to understand
the breakdown mechanism in MgO barrier locally.
In order to study the spin transport phenomenon in CoFeB through MgO barrier, disor-
dered system of CoFeB and MgO in the form of CoFeB granules embedded in a MgO matrix
was prepared. The thickness of the CoFeB and MgO layers were varied to achieve a max-
imum g-TMR. The value of the g-TMR is assumed to be related to the features of CoFeB
grains like size, shape and size distribution. Concerning the effect of these features, most of
the experimental work has been focused on post deposition annealing.
The samples were studied for long duration annealing at a particular temperature and
increase in the g-TMR value and resistivity has been observed for a certain duration of
annealing which is associated to an increase in the grain size and an improvement in the
grains/barrier interface. A decrease in both g-TMR value and resistivity has been observed
after further annealing which was due to reaching the metallic percolation of CoFeB grains.
The samples were also studied after annealing at high temperature. An increase in the
g-TMR and resistivity with temperature was observed up to 275 ◦ C. However, a decrease
in g-TMR and an increase in resistivity after annealing at 300 ◦ C has been observed. These
changes are the result of crystallization of CoFeB granules.
Different transport phenomena in connection with the tunneling laws for semiconduc-
tors were identified in this disordered system and the Coulomb gap energy was measured.
The magnetic characterization showed a magnetic reversibility at temperature below room
temperature and superparamagnetic behavior at room temperature.
The occurrence of a single pinhole in planar junctions can produce a short for the current
and stop it from functioning. Therefore, the reduced performance of planar junctions is
a major problem posed by the presence of pinholes. On the other hand, there exists no
continuous path for electrons in granular films. The conduction electrons have to tunnel
through the MgO insulator. This implies that tunneling is achievable even in the presence of
a finite density of pinholes. Moreover, in case of granular films the increased resistivity to
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the large applied voltages is attributed to the distribution of voltage over a large number of
junctions. Therefore, the value of the bias voltage for a tunnel junction is reduced and the
dielectric break down can be avoided.
The saturation magnetic field for the parallel alignment of the magnetic moments in
disordered systems is very large. This large value of the saturation field is great hindrance
to use them in data storage devices. The saturation field of CoFeB/MgO, however, is three
to five times less than comparable systems. This small value of saturation field is helpful for
application purposes.
Granular films have wide spread potential applications in magnetic sensors technology
and magnetic data storage devices. Further studies of resistive switching and microwave
permeability measurements in these films will make them highly attractive for applications
in resistance random access memory and microwave absorbers.
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